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Quantitative Measurements of Edge-to-Face Aromatic Interactions by Using
Chemical Double-Mutant Cycles
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Abstract: Synthetic H-bonded zipper
complexes have been used to quantify
the magnitude of an edge-to-face aro-
matic interaction between a benzoyl
group and an aniline ring. Four chemical
double-mutant cycles were constructed
by using a matrix of nine closely related
complexes in which the aromatic rings

substituents. The stability constants and
three-dimensional structures of the com-
plexes were determined by using
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'H NMR titrations in deuterochloro-
form at room temperature. The value of
the interaction energy is similar in all
cases, the average is — 1.4 £0.5 kJmol~.
The scope and limitations of the double-
mutant approach are explored, and the
consequences of conformational equili-
bria are discussed.

were sequentially substituted for alkyl

Introduction

Molecular recognition events generally involve the coopera-
tion of a large number of weak noncovalent interactions to
produce a significant thermodynamic driving force for bind-
ing. At present, the study of these events is at a qualitative
rather than quantitative level: it is impossible to predict a
binding constant (or binding enthalpy) even for a very simple
system where the individual noncovalent interactions are
straightforward to identify, let alone for a complicated
biological macromolecule.! The development of a more
quantitative understanding of molecular recognition requires
accurate measurements of noncovalent interaction energies
and associated structure-—activity relationships, but this is
difficult to achieve, because the systems that must be studied
to obtain this information are necessarily complex.?l One
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approach is the study of synthetic supramolecular systems,
which are relatively simple: they contain a small number of
noncovalent interaction sites, but enough to cause complex-
ation; they have limited conformational flexibility; structural
modifications can achieved readily through synthesis; char-
acterisation is straightforward with conventional techniques.?!

We have selected the H-bonded “zipper” complex shown in
Scheme 1 (Complex A, 1-4) as a suitable system for making
quantitative measurements of noncovalent functional-group

Scheme 1. A chemical double-mutant cycle for determining the magnitude
of the terminal aromatic interaction in Complex A (1-4).
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interaction energies.l The complex is held together by two
H-bonds and four aromatic interactions, and the stability
constant is 48M~! in chloroform; this means the free energy of
binding can readily be determined by NMR titrations. The
component molecules have no free rotors (although there are
some conformational equilibria, which will be discussed
later), and so the loss of conformational entropy on binding
is small. The three-dimensional solution structure of the
complex can be determined by using intermolecular NOEs
and the complexation-induced changes in chemical shift,?!
and all of this information can be collected easily. The
approach we have taken to quantifying specific functional-
group contributions to the overall binding energy of this
system is the double-mutant method, which has been widely
used in protein engineering experiments to quantify amino
acid side-chain interactions.?*<l The principles are explained
below, but essentially we are removing the interaction of
interest by a chemical mutation and quantifying how that
affects the stability of the complex. The zipper complex is
ideally suited to this approach, because we can make changes
to the terminal functional groups without affecting the core of
the complex. There are problems associated with the macro-
cyclic and cleft architectures more commonly used in host—
guest chemistry, since it is difficult to make such mutations
without having a more drastic effect on the structure.

Results and Discussion

The compounds required to construct chemical double-
mutant cycles based on the zipper complex (1-4) were
prepared according to Schemes 2 and 3 by using simple amide
coupling reactions. A carbodimide coupling reagent (1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide—EDC) was used
to acetylate Sa, because the use of acetyl chloride led to
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Scheme 2. Synthesis of compounds 4-7.
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Scheme 3. Synthesis of compounds 1-3.

contamination with the imide. All other steps were straight-
forward and proceeded in good yield.

Scheme 1 illustrates the first double-mutant cycle we
examined and will be used to explain the approach. In
principle, the magnitude of the terminal aromatic interaction
highlighted in Complex A (1-4) in Scheme 1 can be estimated
by chemical mutations which remove it, that is by comparing
the stability of Complex A with complexes B or C, which do
not have this interaction present. However, this assumes that
the aromatic rings in question make no other intermolecular
interactions in Complex A and that the strength of the
H-bonds remains constant when the aromatic to alkyl
mutation is made. These effects can be quantified by using
the double-mutant, Complex D. For example, if we compare
complexes C and D, the difference AG.— AGy, is a direct
measure of the sum of the change in H-bond strength and
secondary interactions made by the benzoyl group in com-
plexes A and C. Thus the free energy difference of the two
horizontal (or vertical) mutations in Scheme 1 allows us to
dissect the interaction of interest from the complicated array
of weak interactions present in Complex A.

Equation (1), aromatic interaction in Complex A:

AAG=AG, - AGg — AGc + AGy 1)

There are a number of assumptions inherent in this analysis,
which we will discuss presently. However, we emphasise that
this is a practical experimental approach that solves a lot of
the problems generally associated with the quantification of
weak intermolecular forces in complicated systems. The most
important assumption is that the functional groups used in the
mutations, the hexyl and tert-butyl groups, do not interact with
the adjacent aromatic rings (evidence for this assertion will be
presented later). Secondly, we assume that the sum of free
energy changes measured here corresponds to a functional
group interaction enthalpy; in other words that the entropy
changes cancel out in the cycle and that entropy—enthalpy
compensation is not a significant factor in this system.! We
also assume that the secondary interactions and changes in
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H-bond strength are additive functions of the mutations.
Theoretically, the energy of a H-bond is proportional to the
product of the dipole moments.[” However, in the limit of a
small change in dipole moment, the change in the product is
approximately equal to the change in the sum. For example, if
the amide dipole moments in Complex A, 4, and u,, change
by small amounts, du; and du,, when they are mutated, the
H-bond strengths in the four complexes in the double-mutant
cycle are given by Equations (2) - (5):

H-bond in Complex A =cuu, 2)
H-bond in Complex B =c u;(u, + ou,)

=cpupty + i, (3)
H-bond in Complex C =c(u; + ou)u,

=C Uy + Cu0u 4
H-bond in Complex D =c(u; + o) (1, + ou,)

=culty + U0y + cupduy + o du, (%)

Putting these values into the double-mutant cycle Equa-
tion (1), the residual contribution due to changes in H-bond
strength is given by Equation (6)
A(H-bond) ~ cdu,0u, (6)

If the changes Sy, and du, are small relative to ¢, and u,,
then this will be a very small energy. In other words, for small
changes in the polarity of the amide groups, the double-
mutant cycle is valid. As we will see, the change in H-bond
strength and secondary interactions in this system are rather
small, and so the approach is not compromised by the
nonadditivity of the H-bond energies.

Clearly to use this approach in practice, two things are
required: an accurate evaluation of the stability constants of
all four complexes in a cycle and evidence that the three-
dimensional structure of the core of the complex is unaffected
by the peripheral mutations. 'H NMR titrations and NOE
experiments provide this information. The data for all of the
complexes studied are listed in Table 1. We will begin by

Table 1. '"H NMR titration data (in deuterochloroform at 295 K).[?I

considering the double-mutant cycle in Scheme 1. All of the
complexes show intermolecular NOEs between the bisaniline
methyl groups, j and j', and the isophthaloyl protons, a and b
(Scheme 4). Where terminal aromatic groups are present,

Scheme 4. Proton labelling scheme for the complexes.

intermolecular NOEs are observed between the isopropyl
methyl groups, e, and the benzoyl protons, 1 and k. These
NOEs locate the isophthaloyl group in the bisaniline pocket
and the benzoyl and aniline groups in close proximity, as
shown in Scheme 1. The limiting complexation-induced
changes in chemical shift (AJ values) for the central
isophthaloyl, NH, NH', a, b, b, ¢, and bisaniline, NH, NH', i,
i, j, j, protons are almost identical for all four complexes
(Table 1, Complex A=1-4, B=1-5, C=2.4, D=2-5); this
shows that the structure of the core of the complex is
unaffected by the mutations. However, if we examine the
peripheral mutated functional groups, it becomes clear that
there is a problem with this system. Complex D can exist as
two different conformational isomers (Figure 2), and the Ad
values suggest that both are present in similar proportions.
The expected AJ values if only Conformer 2 were present can
be estimated from complexes 1-4 and 3-6, where this
conformational ambiguity does not exist and where the

Complex K, AG Limiting Complexation-induced changes in 'H NMR chemical shift.[’!
M~ kJmol™! Isophthaloyl component Bisaniline component

NH NH a b b ¢ d e f g h NH NH i i j i k 1 m n
1-4 48+2 -95+01 +14 - -16 -04 - 00 00 -02 00 +01 - +11 - 402 - 00 - -03 -05 -01 -
1-5 17+1 -69+01 +14 - -17 -06 - 00 -01 -02 -01 00 - +09 +06 +02 +02 -01 00 —-02 —-04 00 —-02
1-6 12+1 -60+02 +11 - -15 -04 - 00 00 00 00 00 - - +09 - +01 - 0.0 - - - =02
2-4 20+2 -73+03 +14 +10 -15 -02 -0500 00 -01 00 00 -01 +09 - 401 - -01 - -01 -02 00 -
2.5 10+1 -56+03 +16 +10 -15 -03 -0.700 00 -02 -01 00 -03 +13 +06 +01 +01 -01 00 —-01 —-03 —01 —0.1
26 8§+1 -52+03 +09 +08 -11 -02 -0600 00 00 00 00 —-02 - - 406 - 00 - -01 - - =02
3.4 15+1 -6.6+£02 - +11 -08 - —-0300 - - - - =03 409 - 00 - -01 - -01 -01 00 -
3.5 10+1 -56+03 - +10-08 - -0400 - - - - -03 +13 411 00 00 -02 -01 -01 —01 00 0.0
3.6 10+1 -56+03 - +07 -07 - -0400 - - - - =02 - +06 - 00 - -01 - - - 0.0
1.7 15+1 -674+01 +16 - -15 -04 - 00 -01 -02 00 00 - ndd nd nd nd nd nd nd nd nd nd
2.7 9+1 —54+02 +14 -18 -04 -04 00 -01 -02 00 00 -03 nd nd nd nd nd nd nd nd nd nd
3.7 8§+2 -52+05 - 408 -07 - —-0400 - - - - —03 nd nd nd nd nd nd nd nd nd nd

[a] Average values from at least three separate experiments. Titration data for 4—6 different signals were used to determine the association constant in each
experiment. Errors are quoted as twice the standard error from the weighted mean (weighting based on the observed change in chemical shift). [b] Calculated by
extrapolating titration data for formation of 1:1 complexes in deuterochloroform at 295 K (see Scheme 4 for proton labelling scheme). Dashes indicate signals that do
not exist in the complex concerned. [c] Not determined.
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relative positions of the terminal functional groups are
identical (Scheme 5, Table 1). Similarly, expected Ao values
for Conformer 1 can be estimated from complexes 1-6 and 3-
4. The observed AJ values for 2-5, particularly for signal 1,
which shows the largest changes, look like a 1:1 mixture of the
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Scheme 5. Conformational equilibrium in the 2-5 complex. Conformer 1
contains one benzoyl —hexyl interaction and one tert-butyl - aniline inter-
action, and so should show the same Ad values as complexes 3-4 and 1-6.
Conformer 2 contains one benzoyl —aniline interaction and one fert-butyl —
hexyl interaction, and so should show the same AJ values as complexes 1-4
and 3-6. The A0 values for these four complexes are illustrated, and the
experimental values for the 2+5 complex are shown.

two conformers. This clearly invalidates the double-mutant
cycle in Scheme 1, since there is a change in the structure of
the core of the complex in Conformer 1 of Complex D.

If we consider the structures of the complexes in more
detail, there are other conformational equilibria present. For
example, Complex B can exist in two forms (Scheme 6a) that

al

Conformer a Conformer fi

; X i [ Interaction
- H

8
B 4 @ a Interaction % {

Scheme 6. Conformational equilibrium in the 1-5 complex. The difference
between conformers o and 3 is the orientation of the amide groups and
H-bonds. This leads to a subtle difference in the orientation of the
interaction between the terminal functional groups. The crystal structure of
compound 8, shown at the bottom, illustrates this difference: the edge-to-
face interaction labelled o involves the amide oxygen as the H-bond
acceptor and close contact between the benzoyl o proton and the face of
the aniline ring, while the interaction labelled 3 involves the amide NH as
the H-bond donor and close contact between the benzoyl §§ proton and the
face of the aniline ring.
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differ in the orientation of the H-bonds. The X-ray crystal
structure of the model compound 8 suggests that this differ-
ence has a subtle effect on the relative geometries of the
interacting groups (Scheme 6b): for Conformer a, it is the o
proton of the benzoyl group that is closest to the aniline ring,
whereas in Conformer f3, it is the 3 proton that is closest to the
aniline ring. These conformational equilibria are present in all
complexes that involve nonsymmetric components. However,
the only real difference is a slight rotation of the terminal
functional groups, and for the purposes of this study, we
assume that such a subtle change has a negligible effect on the
aromatic interaction. In fact, what the double-mutant cycle
measures is a Boltzmann weighted average of the interaction
energies for the two different geometries.

We can construct a double-mutant cycle that avoids all of
these conformational problems by using symmetric com-
pounds to measure the sum of the two terminal aromatic
interactions (Scheme 7). For this system, although the pattern

Scheme 7. A chemical double-mutant cycle for determining the magnitude
of both terminal aromatic interactions in Complex A (1-4). The complexes
in this cycle contain only symmetrical compounds, and so the problems of
conformational equilibria are avoided.

of Ao values in the core of the complex is maintained on
mutation, the magnitudes of the changes differ significantly.
The A6 values for the isophthaloyl proton a in complexes
involving 3 are low (6=—0.8) relative to the complexes
involving 1 (0 =-1.6). This suggests a subtle change in
structure associated with the aniline to hexyl mutation.
However, the double-mutant cycle is specifically designed to
factor out such effects, because two of the complexes involve
the hexyl derivative 3 and two involve the aniline derivative 1.
For example, the change in the free energy of the core of the
complex associated with the vertical aniline to hexyl mutation
in Scheme 7 appears in the term AG, — AG as well as in the
term AGg — AGp. The difference in these two terms is what
we use to obtain the functional group interaction energy,
AAG, and so the thermodynamic effects of the subtle differ-
ences in conformation cancel out.
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In order to check that the variation in the A values really
does represent a subtle conformational change rather than
some dramatic rearrangement of the structure that would
invalidate the double-mutant cycle, we used the chemical-shift
data and NOEs to determine the three-dimensional solution
structure of Complex 3 -4, which shows the largest deviations
from the values observed for Complex 1-4.F1 The NMR
structures of the 3-4 and 1-4 complexes are compared in
Figure 1. The structures are very similar, with two H-bonds
and the isophthaloyl group docked into the centre of the
bisaniline pocket. Figure 1b highlights the major difference
between the two structures that causes the variation in the A
values for the isophthaloyl protons. In the 1-4 complex, the
2,6-diisopropyl anilines form a groove into which the benzoyl
groups fit snugly. Removing this steric restriction appears to
give the 3-4 complex more flexibility, so that the isophthaloyl
group can tilt out of the bisaniline pocket while maintaining
the two H-bond interactions. The NMR structure-determi-
nation method produces a single structure that best matches
the experimental Ad values, but in reality the observed Ad
values are a weighted average of all conformations present.
The tilting of the isophthaloyl group in the bisaniline pocket is
most likely a dynamic process, and the tilted structure in
Figure 1b represents a time-averaged displacement from the
symmetric, flat conformation.

Thus the structures of the complexes in Scheme 7 are
suitable for the double-mutant cycle approach. By using the
free energies of complexation in Table 1, the sum of the two
terminal aromatic interactions is evaluated as 2.5+
0.6 kJmol~! in chloroform. The potential energy surface for
aromatic interactions of this type is rather flat, and so it is
unlikely that the a and [} interactions in Scheme 6 differ
significantly. If we assume that there is no difference, the
magnitude of one edge-to-face
aromatic interaction in this sys-
tem is — 1.3 £0.3 kJmol~L. This
is a weak interaction, but as we
have shown, it is very sensitive
to substituent effects.l* 8l

If we consider all possible
complexes that can be formed
from compounds 1-6, we can
construct a 3 x 3 grid of mutant
complexes based on 1-4 (Fig-
ure 2). As long as we avoid the
central 25 complex that suffers
from the conformational prob-
lems illustrated in Scheme 5, it
is possible to construct a range
of four component double-mu-
tant cycles from this grid. The
AJ values in Table 1 show that
the structures of the cores of the
complexes are essentially iden-
tical in all nine systems as dis-
cussed above. The 3 x 3 grid in
Figure 2 produces two new dou-
ble-mutant cycles that give the
magnitude of one edge-to-face

oy Aoy S
o T el
J l

el

=-1.6 + 0.4 kJ mol*

ﬂ

by using each cycle is shown.
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Figure 1. The NMR solution structures of complexes 1-4 (pale) and 3-4
(dark). These structures were calculated by using the experimental Ad
values in Table 1 and intermolecular NOEs from ROESY experiments.
a) An overlay of the two structures. Only the first CH, group of the hexyl
chain was used in the calculation, because the changes in chemical shift for
the other chain protons were small. The hexyl group is, in any case,
conformationally flexible and unlikely to adopt an ordered structure. The
conformation of the cyclohexyl group is not defined by the calculation,
since there are no complexation-induced changes in chemical shift for these
protons. b) An orthogonal view of the complex showing only the
isophthaloyl and bisaniline groups. This highlights the major difference
between the two structures: the tilting of the isophthaloyl group out of the
bisaniline pocket in the 3-4 complex.

interaction as —1.6+£0.4 kJmol ! and —1.4+0.5kJmol ! as
indicated. These new cycles both involve the use of a
nonsymmetric compound, and so there is an ambiguity caused
by the o-f conformational equilibrium (Scheme 6). The
measurements therefore represent a Boltzmann average of
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Figure 2. a) Schematic representation of the 3 x 3 grid of all possible complexes which can be formed from
compounds 1-6. The free energies of complexation in kJmol~! are indicated. b) The boxes highlight three
double-mutant cycles that can be extracted from this grid avoiding the central 2.5 complex, which is
conformationally unstable. The magnitude of the benzoyl - aniline edge-to-face aromatic interaction determined
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the interactions in these two conformations in the relevant
complexes. However, the final values for the aromatic
interaction energy agree well with the interaction measured
in the symmetric cycle; this suggests that this is not a serious
problem, that is the conformational equilibrium in Scheme 6
does not have a significant effect on the aromatic interaction
energy.

We now return to the double-mutant cycle in Scheme 1, and
the problems encountered with the conformational equilibria
in Complex D (the 2-5 complex). If we take a closer look at
Scheme 5, it is clear that the interactions involved on the two
sides of the conformational equilibrium are identical to the
interactions the double-mutant cycle is used to quantify.
Conformer 2 features the aromatic interaction of interest
found in Complex A as well as the interactions found in the
double-mutant, Complex D, whereas Conformer 1 contains
the two interactions found in the single mutants, Complexes B
and C. Thus the four complexes used to predict the Ad values
for the 2.5 complex might also be useful for predicting the
free energy difference between Conformers 1 and 2 [Eq. (7)].

2(AG,— AG)) ~{AG(1-4) + AG(3-6)} — (AG(3-4) + AG(1-6)} %)

However, the sum in Equation (7) is identical to the sum
used in Scheme 7 to evaluate the aromatic interaction in the
symmetric double-mutant cycle. Thus the free energy differ-
ence between Conformer 1 and Conformer 2 corresponds to
the AAG for one aromatic interaction evaluated in a double-
mutant cycle. It is therefore possible to draw up a set of
simultaneous equations that can be used to obtain another
independent measure of the aromatic interaction in this
system by using the double-mutant cycle shown in Scheme 1.
If we knew the stability of Conformer 2 for the 2-5 complex
(AG,), the double-mutant cycle equation could be applied as
follows:

Aromatic interaction in Complex A = AAG
= AG(1-4) - AG((2-4) - AG(1-5) + AG, 8)

However, the experimentally determined free energy of
complexation of the 2.5 complex reflects the population-
weighted average of Conformers 1 and 2 (y; and y,).

AG(2-5)=yAG, + 1L,AG, 9)

But

AG,— AG,=AAG = Aromatic interaction in Complex A (10)

Therefore

ol = €-AAGIRT (11)

By using

X+ n=1 (12)
¢-88G /RT 1

22T e 886 /RT and 7=y + e MG /RT (13)

Chem. Eur. J. 2001, 7, No. 22
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Substituting into Equation (9) and rearranging gives
AG,=AG(2-5) + AAG/(1 + e~AGRT) (14)

Substituting into Equation (8) and rearranging, the double-
mutant cycle equation for this system becomes

AAG

ANG ——————
1 + e4¢/RT

=AG(1-4)— AG(2-4)— AG(1-5) + AG(2-5) (15)

There is no analytical solution to this equation for AAG, but
for a given set of AAG values, it is straightforward to construct
a look-up table of AAG — AAG/(1 + e 2A9RT) values. This is
the free energy that is obtained from the double-mutant cycle
by assuming there is no problem of conformational equilibria.
Thus we can experimentally determine the apparent aromatic
interaction energy by using:

AAG = AG(1-4) — AG(2-4) — AG(1-5) + AG(2-5) (16)

and then use the look-up table to find the actual value of
AAG. There is an error in the value of AAG,,, that differs
from the actual interaction energy by AAG/(1 + e AACRT),
Figure 3 shows the variation of this error as a function of

1.0 4
_ 081
s
5]
2061
2‘5
2 04
k=
=
§ 021
0.0 ; . ‘ .

0 -8 6 -4 2 0 2

AAG / k) mol™!

Figure 3. The error in the magnitude of AAG.,,, evaluated in the double-
mutant cycle shown in Figure 1 and caused by the conformational
equilibrium in the 25 complex shown in Figure 2. AAG is the true value
of the edge-to-face aromatic interaction.

AAG. When AAG =0, AG,=AG,, and so there is no error
caused by the presence of a 50:50 mixture of these two
degenerate species. As AAG increases, the error increases till
it reaches a maximum value of —0.8 kJmol~!, when AAG =
—37kImol™". As AAG increases further, the error drops
again, because Conformer 2 becomes much more stable than
Conformer 1, and the small amount of Conformer 1 present
represents a minor perturbation to the system. For this
system, AAG,, is —0.9+0.4kImol™!, the error is 0.5+
0.2 kImol~!, the populations of Conformers 1 and 2 for the
2.5 complex are 36 % and 64 %, respectively, and AAG, the
edge-to-face aromatic interaction in Complex A, is —1.4 £
0.6 kI mol~". This value agrees extremely well with the values
obtained from the other three double-mutant cycles discussed
above.
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Finally, we return to the question of whether the mutated
functional groups, the hexyl and tert-butyl groups, interact
with the adjacent aromatic rings. There is evidence in the
literature that fert-butyl groups can show significant inter-
actions with the faces of aromatic rings, and clearly this would
cause problems with the approach described here.P! We
therefore prepared the corresponding acetyl compound, 7, in
order to quantify this effect directly. Scheme 8 shows the

Scheme 8. A chemical double-mutant cycle for determining the magnitude
of the interaction of a tert-butyl group with the face of the aromatic ring in
the 1-5 complex.

double-mutant cycle used to quantify the tert-butyl aromatic
interaction in this system. The association constants obtained
by using compound 7 are almost identical to those obtained
for compound 5, and the Ad values are very similar; this
indicates that there is no change in the structures of the
complexes (Table 1). The double-mutant cycle in Scheme 8
yields a value of —0.140.4kJmol™! for the fert-butyl-
aromatic interaction in this system, so the aromatic to fert-
butyl mutation is appropriate for quantifying aromatic
interactions as described above.

Conclusion

We have a developed a chemical double-mutant cycle
approach to quantifying weak noncovalent interactions. The
method works well for edge-to-face aromatic interactions, as
described above. By using a series of double-mutant cycles, we
have been able to quantify the benzoyl-diisoproyl aniline
interaction in chloroform in the zipper Complex 1-4 in four
different ways, and the results are remarkably consistent:
—-134+03, —1.6+04, —1.4+0.5 and —1.4+0.6 kImol!,
which yields an average value of —1.4+0.5kJmol-.. Al-
though there are some limitations of the method, many of the
potential errors are removed in the double-mutant cycle. The
NMR titrations were carried out under similar conditions for
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each compound; this means systematic errors cancel out. For
example, the thermodynamic consequences of subtle changes
in conformation cancel out if they occur in pairs as discussed
for the 3 complexes above. Problems are only encountered
when single complexes behave differently from the other
three in a cycle, as explained for the 2-5 complex that has a
different symmetry from the rest. The values of interaction
energy determined here are free energies, but implicit in the
approach is an assumption that they relate to the enthalpy of
interaction and that entropy changes cancel in the cycles. This
ignores the consequences of entropy-enthalpy compensa-
tion,l® but further experiments are required to quantify the
magnitude of this effect. Armed with this methodology, we
are in a position to tackle quantitative structure—activity
relationships for a range of noncovalent interactions.!®]

Experimental Section

The preparation of 1, 2a and 4 have been described previously.”] All
reagents were purchased from Aldrich and used without further purifica-
tion.

Compound 2: Compound 2a (0.50 g, 1.45 mmol) was dissolved in dry
dichloromethane (10 mL), and this solution was added dropwise to a stirred
solution of n-hexylamine (0.20 mL, 0.16 g, 1.6 mmol) and triethylamine
(0.11 mL, 0.08 g, 0.79 mmol) over a period of 10 mins. The reaction mixture
was stirred for a further 12 h. After workup with HCI (1m, 2 x 20 mL),
NaOH (1M, 2x20mL) and brine (20 mL), the required product was
purified by recrystallisation from dichloromethane and petroleum-ether
(40-60) yielding a white powder. Yield: 0.45 g, 75%; m.p. 203-205°C;
'"H NMR (250 MHz, CDCl;, 25°C, TMS): 6 =8.45 (s, 1H), 8.05 (d, 2H),
795 (d,2H), 7.64 (s, 1H), 7.52 (t,1H), 7.35 (t, 1H), 722 (d,2H), 6.43 (t, 1 H),
3.45 (q,2H), 3.11 (sept, 2H), 1.60 (quint, 2H), 1.34 (m, 6 H), 1.20 (d, 12H),
0.89 (t,2H); B*CNMR (250 MHz, CDCl;, 25 °C, CDCl,): 6 = 166.26, 166.10,
146.60, 135.66, 134.97, 133.10, 130.45, 130.17, 128.96, 128.18, 127.09, 118.29,
31.51, 29.54, 28.65, 26.66, 24.04, 23.77, 22.55, 14.40; FAB[+ ve] m/z =409
[M+H]", CH3N,O, requires 408; elemental analysis calcd (%) for
CyH36N,O,: C 76.43, H 8.88, N 6.86; found C 76.17, H 8.97, N 6.80.

Compound 3: n-Hexylamine (1.32 mL, 1.01 g, 0.010 mol) and triethylamine
(1.86 mL, 1.34 g, 0.013 mol) were taken up in dry dichloromethane (10 mL)
and stirred under argon. Isophthaloyl dichloride (1.02 g, 5.00 mmol) was
similarly dissolved in dry dichloromethane (10 mL) and transferred to a
dropping funnel. The acid chloride was added to the stirred amine solution
over a period of 5 min, and the mixture stirred for 12 h. After workup with
HCl (1M, 2x20mL), NaOH (Im, 2x20mL) and brine (20 mL), the
required product was purified by recrystallisation from dichloromethane
and petroleum-ether (40 -60) yielding a white powder. Yield: 1.45 g, 87 %
m.p. 164-165°C; 'H NMR (250 MHz, CDCl;, 25°C, TMS): 6 =8.15 (s,
1H), 790 (d, /=7,2H), 7.50 (t, 1 H), 6.25 (t, 2H), 3.45 (q, 4H), 1.61 (quint,
4H), 1.32 (m, 2H), 0.90 (t, 6H); C NMR (250 MHz, CDCl;, 25°C,
CDCl,): 0 =166.88, 134.89, 129.92, 128.75, 125.16, 40.28, 31.48, 29.51, 26.67,
22.53, 14.03; FAB[+ve] m/z =333 [M+H]", C;H,N,0, requires 332;
elemental analysis calcd (% ) for C5,H,,N,O,: C 72.25, H 9.70, N 8.43: found
C 7215, H9.63, N 8.19.

Compound 5a: Bis(aniline) 3 (6.76 g, 0.021 mol) and triethylamine
(0.30 mL, 0.21 g, 0.21 mmol) were taken up in dry dichloromethane
(40 mL) and stirred at room temperature under argon. 4-tert-Butylbenzoyl
chloride (0.39 mL, 0.41¢g, 0.21 mmol) was similarly dissolved in dry
dichloromethane (80 mL), transferred to a dropping funnel and added
dropwise to the amine solution over a period of 3 h. After being stirred for
12 h, the reaction mixture was extracted with HCI (5™, 2 x 100 mL). The
aqueous fractions were combined, neutralised by the addition of NaOH
pellets and extracted with dichloromethane (2 x 100 mL). After drying
over anhydrous MgSO, the solvent was removed by evaporation under
reduced pressure. The fine white powder isolated after crystallisation from
dichloromethane with petroleum ether (40-60) was shown to be the
required product. Yield: 0.81g, 80%; m.p. 257-259°C; 'H NMR
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(250 MHz, CDCl,, 25°C, TMS): 6 =7.84 (d, 2H), 7.52 (d, 2H), 726 (s, 1 H),
701(s, 2H), 6.86(s, 2H), 2.2 (s, 6H), 2.16 (s, 6H), 2.22-2.16 (brm, 4H),
1.60-1.40 (brm, 6H), 1.36 (s, 9H); C NMR (250 MHz, CDCl,, 25°C,
CDCly): 6 =176.75, 165.83, 152.54, 147.10, 135.07, 134.89, 131.94, 131.44,
128.84, 126.93, 126.85, 121.23, 111.07, 45.35, 39.17, 37.13, 27.77, 26.41, 22.93,
18.91, 18.66; FAB[+ve] m/z =483 [M+H]", C;;H;,N,O requires 482;
elemental analysis caled (%) for C3;3H,,N,O: C 82.11, H 8.77, N 5.80; found
C 81.70, H 8.68, N 6.02.

Compound 5: Trimethylacetyl chloride (0.091 mL, 0.089 g, 0.74 mmol) in
dry dichloromethane (2mL) was added over 10mins to a stirred
suspension of compound 5a (0.30g, 0.62 mmol) and triethylamine
(0.10 mL, 0.075g, 0.74 mmol) in dry dichloromethane (5mL). After
15 min, the suspension had dissolved and the reaction mixture was stirred
for a further 10 mins before workup with HCI (1M, 2 x 10 mL), NaOH (1w,
2 x 10 mL) and brine (10 mL). The white solid resulting after evaporation
of the solvent under reduced pressure was purified by medium-pressure
chromatography with dichloromethane eluant. Compound 5 was isolated as
a white solid after recrystallisation from dichloromethane and petroleum
ether (40-60). Yield: 0.24 g, 68 %; m.p. 186-187°C; '"H NMR (250 MHz,
CDCl;,25°C, TMS): 6 =7.83 (d, 2H), 7.50 (d, 2H), 740 (s, 1 H), 7.00 (s, 2H),
6.98 (s, 2H), 6.90 (s, 1H), 2.28-2.19 (brm, 4H), 2.20 (s, 6 H), 2.15 (s, 6 H),
1.60-1.40 (brm, 6H), 137 (s, 9H),1.30 (s, 9H); *C NMR (250 MHz,
CDCl;, 25°C, CDCly): 6 =176.58, 165.76, 155.21, 147.50, 146.97, 134.93,
134.83,131.77,131.34, 127.09, 126.99, 125.64, 53.45, 45.39, 39.23, 37.09, 31.18,
27.80,26.34,22.88, 18.88, 18.67; FAB[+ve] m/z =567 [M+H]*, C;xsH5N,0O,
requires 566; elemental analysis caled (%) for C;HyN,O,:0.5H,0: C
79.26, H 8.93, N 4.86; found C 79.51, H 8.79, N 4.80.

Compound 6: Trimethylacetyl chloride (1.15 mL, 1.12 g, 9.3 mmol) was
added to a stirred solution of bisaniline (1.00 g, 3.1 mmol) and triethyl-
amine (0.45 mL, 0.34 g, 3.1 mmol) in dry dichloromethane (20 mL). The
reaction mixture was stirred for 12 h before workup with HCI (1m, 2 x
20 mL), NaOH (1M, 2 x 20 mL) and brine (20 mL). After drying over
anhydrous MgSO,, the solvent was removed under reduced pressure. The
product was passed through a silica plug with dichloromethane eluant prior
to recrystallisation from dichloromethane and petroleum ether (40-60)
which yielded a white powder. Yield: 1.26 g, 83%; m.p. 265-267°C;
'"HNMR (250 MHz, CDCl;, 25°C, TMS): 6 =6.90 (s, 4H), 6.74 (s,2H), 2.17
(brm, 4H), 2.12 (s, 12H), 1.45-1.60 (brm, 6H), 1.32 (s, 18 H); C NMR
(250 MHz, CDCl;, 25°C, CDCl;): 6 =176.6, 147.0, 134.8, 126.9, 45.4, 39.1,
372, 277, 26.4, 22.9, 18.6; FAB[+ve] m/z=490 [M+H]*, C;,H,N,0,
requires 489; elemental analysis calcd (%) for C;,H,N,0,: C 7832, H
9.45, N 5.71; found C 78.30, H 9.72, N 5.50.

Compound 7: Compound 5a (0.37 g, 0.77 mmol) and glacial acetic acid
(0.043 mL, 0.046 g, 0.77 mmol) were suspended in dry dichloromethane
(10 mL) and cooled to 0°C in an ice bath. After the mixture had been
stirred for 15 mins, 1.3 equivalents of EDC were added, and the reaction
mixture was stirred for 12 h. The mixture was washed with HCI (1M, 2 x
20 mL), NaOH (1M, 2 x 20 mL) and brine (20 mL), and the solvent was
removed under reduced pressure to yield a brown oil, which was purified by
medium pressure chromatography with dichloromethane eluant. The
required product 7 was isolated as a white powder after recrystallisation
from dichloromethane and petroleum ether (40—60). Yield: 0.21 g, 53 %;
m.p. 164-166°C; 'H NMR (250 MHz, [D¢]DMSO, 25 °C, TMS): 6 =9.55 (s,
1H),9.09 (s, 1H), 7.90 (d, 2H), 7.54 (d, 2H), 7.07 (s, 2H), 7.00 (s, 2H), 2.32 -
2.20 (brm, 4H), 2.20 (s, 6H), 2.10 (s, 6H), 2.00 (s, 3H), 1.60—1.40 (brm,
6H), 1.32 (s, 9H); C NMR (250 MHz, [D4]DMSO, 25°C, CDCLy): 6 =
168.31, 165.27, 154.72, 146.83, 135.60, 134.98, 133.17, 132.12, 127.76, 126.55,
126.30, 125.68, 45.13, 36.61, 35.12, 31.42, 26.26, 23.03, 19.01, 18.94;
FAB[+ve]| m/z =525 [M+H]*, C;sH,N,O, requires 524.

NMR binding experiments: 'H NMR dilution experiments were used to
check whether dimerisation of compounds 1-7 was significant at the
concentrations used. All dimerisation constants are less than 1M~ and so do
not affect the titrations to any extent. A 3.0 mL sample of host of known
concentration (2—-5mm) was prepared in CDCl;. 0.8 mL of this solution
was removed, and a 'H NMR spectrum was recorded. An accurately
weighed sample of the guest was then dissolved in the remaining 2.2 mL of
host solution. This solution was almost saturated with guest (100-200mm),
to allow access to as much of the binding isotherm as possible (5080 %
saturation was achieved), and contained host so that the host concentration
remained constant during the titration. Aliquots of guest solution were
added successively to the NMR tube containing the host solution, the tube
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was shaken to mix the host and guest solutions, and the '"H NMR spectra
were recorded after each addition. For signals that moved more than
0.01 ppm, the chemical shifts at all concentrations of guest were recorded
and analysed by using purpose-written software, NMRTit HG, on an Apple
Macintosh microcomputer.!'” This programme fits the data to a 1:1 binding
model to yield the association constant, the bound chemical shifts in the
HG complex and, if required, the free chemical shifts of the unbound
species. All titrations were repeated at least three times and, where
possible, the identities of the host and guest were reversed in order to
obtain accurate Ad values for both binding partners. Where this was not
possible, the binding constant determined by fitting the host signals was
fixed, and NMRTit HG was used to analyse the changes in the guest signals
to extract the bound-guest chemical shift. The mean association constant
for each experiment was evaluated as the weighted mean (based on the
observed change in chemical shift) of the association constants for the
individual signals monitored. The error was taken as twice the standard
error. The values of K, quoted in Table 1 are the average values and errors
from at least three separate experiments. Two-dimensional ROESY spectra
were recorded on a Bruker AMX 2-400 by using a 300 ms mixing time and a
3 s delay between pulses.

NMR Structure Determination: The method used to determine three-
dimensional structures from complexation-induced changes in chemical
shift and its application to determining the structure of Complex 1-4 has
been described in detail elsewhere.’) The conformational search for
Complex 3-4 was carried out by using the same procedure. The hexyl
chains of 3 were replaced by methyl groups, and the structure was
minimised by using the MM3 force-field in Macromodel.'! Compound 4
was also constructed in Macromodel and energy minimised by using the
MM3 force-field. A genetic algorithm was used to optimise the conforma-
tion of the complex so that the calculated AJ values matched the
experimental values as closely as possible (Table 1). We allowed intermo-
lecular translation (=10 A) and rotation (+180°) as well as intramolecular
torsional changes (4 180°) for all single bonds in both molecules (excluding
the amide C—N bonds and the cyclohexyl group). The experimentally
observed intermolecular NOEs between j and a and b were used to restrict
the search space. Van der Waals clashes were penalised at distances of less
than 3 A for intermolecular clashes and 2 A for intramolecular clashes for
nonhydrogen atoms. The search converged to values of R.,/Rss of 9.0 in
about 2000 generations for a population of 200 (R, is the root mean
square A0 of the experimentally observed Ad values, and R, is the RMS
difference between the calculated and experimental values).
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