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ABSTRACT

A tripodal tris-amidopyridine receptor forms a 1:1 complex with trans-1,3,5-cyclohexane tricarboxylic acid that is 1 order of magnitude less
stable than the one formed with the corresponding cis-triacid epimer. The X-ray crystal structures of the complexes have been determined,
confirming the binding geometry derived from NMR data in solution and force-field calculations, and its geometrical features are used to
explain the observed selectivity.

The design of molecular receptors capable of selective have been interested in the three-dimensional recognition of
recognition of carboxylic acids and their anions is a matter tricarboxylic acids using tripodal abiotic receptér3he

of current interest in bioorganic chemistrRecently, we design of our tripodal receptors is based on the spatially
ordered positioning of three amidopyridine groups, which
we use as complementary hydrogen-bonding partners for the
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have tailored and synthesized receptbasand 1b to study

the molecular recognition o€is-1,3,5-cyclohexanetricar-
boxylic acid (cis-CTA)2.22In this communication we report
our findings on the selectivity dfafor 2 versus its epimeric
isomertrans-1,3,5-cyclohexanetricarboxylic ac&(trans-
CTA), as well as the structures of thta-2 and 1a-3
complexes formed in solution and in the solid state. Receptor

(1a3)B

E =- 384.7 kJ/mol
(1a-3)A

E =-414.8 kd/mol

Figure 1. Possible binding geometries for the 1:1 complexX af
and3.

1la shows higher affinity forcis-CTA than for any other
triacid assayed. For example, although 1 equiv of the
normally insoluble triacid® or 3 is extracted in chloroform
by receptorla, its selectivity calculated by a liquidiquid
extraction experimehand expressed as a ratio of association
constants turned out to eg(la+ 2 < la-2)/K(la+ 3«
la-3) = 17° (AAG ~ 1.7 kcal/mol). The corresponding
binding constants for the two guests, measured in 20%
MeOD/CDCE, also differ by 1 order of magnitude,(1la +
2= l1a-2)=549+ 51 Mt andKy(la+ 3= la-3)=55

+ 2 M1 (AAG ~ 1.4 kcal/mol). The same difference in
magnitude oK, is obtained when the association constants
are measured using isothermal titration calorimetry (I'TC)

(5) A 102 M aqueous solution of triacid (50:50 mixture of epimers)
was extracted with a CHgIsolution of the receptor. The organic layer
was separated, dried over s, and concentrated in vacuo. After
treatment of the residue with excess of a diazomethane/ether solution,
followed by GC analysis, a ratio of the extracted triaci8 = 17 was
obtained.

(6) The two triacids have a low solubility in cholorofom+1075 M),
which can be considered identical within the experimental error. In this
calculation we used this value as the free concentration in the equilibrium
for both triacids.

(7) Wadsol. Chem. Soc. Re1997,26, 79-86. Ladbury, J. E.; Chowdry,

B. Z. Chem. Biol.1996,3, 791.
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in 20% THF/CHCY. ITC gives AH, directly as a primary
parameter of measurememtG, and the host—guest stoi-
chiometryn are estimated from titration curve fitting. The
reaction entropyAS, may then be calculated from the Gibbs
Helmholtz equation. The values obtained for systda<?
andla-3are summarized in Table 1.

Table 1. Isotermal Titration Calorimetry of Hoslta with
Guests2 and 3 in 20% THF/CHC} at 293 K
AHa Ka x 1073 AG, TAS,
n (kcal mol™t) (MY  (kcal mol~t) (kcal mol~1)

2 0971 —8.686 61.35 —6.418 —2.268

+ 0.04 + 0.07 +0.8 + 0.07 + 0.07
3 0.946 —6.939 3.52 —4.754 —2.186

+ 0.05 +0.13 + 0.6 +0.10 + 0.12

In both cases guest complexation is highly exothermic.
However, the association exothermicity fis reduced by
~1.75 kcal/mol compared to that @& This difference in
binding enthalpy reflects a worse match of the receptor for
guest3 than for2.8 The structure of thda-2 complex was
solved in solution (ROESY)nd in the solid state (X-rayy.

This structure reveals in both cases a complex geometry that
is in agreement with the one previously descriédr the

1b-2 complex having the three axial hydrogeasto the
carboxy groups pointing outside with respect to the receptor’s
cavity (Figure 3). In thela:2 complex six intermolecular
hydrogen bonds are established (Table 2). One can assume

Table 2. O-:-N Distances (A) for the Intermolecular Hydrogen
Bonds Established in tha-2 and 1a-3 Complexe3

la-3

la-2

OH-N

2.624(0.010)
2.671(0.010)
2.700(0.010)

N-+-HO

2.860(0.010)
2.834(0.010)
2.811(0.010)

OH-N

2.673(0.010)
2.678(0.010)
2.750(0.010)

N---HO

2.942(0.010)
2.915(0.010)
3.007(0.010)

aEach pair of distances refers to a bidentate interaction. Standard
deviations are given in parenthesis.

that each hydrogen bond contributes with an average of
—1.44 kcal/mol (—8.68/6) to the overall binding enthalpy.
To determine what structural features caused the reduction
in binding enthalpy for thela:3 complex, we became
interested in mapping out its 3D structure. From molecular
modeling studies, two possible geometries for ttee3

(8) The fact that a similar difference in the free binding energy is obtained
in solvents with different hydrogen bonding capabilities suggests that the
observed selectivity is not related to a difference in solvation of the triacids.
We assume that the initial states of the unbound gustmd 3 are
energetically very close.

(9) Bothner-By, A. A.; Stephens, R. L.; Lee, J.-M.; Warren, C. D.;
Jeanloz, R. WJ. Am. Chem. S0d.984,106, 811.

(10) Crystals suitable for X-ray diffraction were grown from CRCI
cyclohexane as colorless blocks.
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complex were derived, each one containing six intermolecu- Hostlaand triacid3 crystallize from 1,2-dichloroethane/
lar hydrogen bonds (Figure 1). It is worth mentioning that octane as a 1:1 complex (shown Hy NMR) producing
the geometry (1a-3)Bias one distorted NWHO hydrogen colorless prisms, unstable in the absence of solvent. After
bond. Force field calculations carried out on both geometries several attempts, the solid-state structure ofl#r8 complex
(Macromodel 6.6} AMBER*) resulted in a high energy  was determined by single-crystal X-ray diffraction. The X-ray
difference of 30 kJ/mol (7.17 kcal/mol) in favor of binding structure reveals a geometry for tha-3 complex (Figure
geometry (la-3)A. The two geometries feature a triple 3) that is in good agreement with the proposed solution
bidentate interaction and lack df; symmetry. These  structure (1la-3)Abased on calculations and NMR data. Six
characteristics are in agreement with the experimental results

illustrated in Figure 2: a downfield shift for the receptor _
amide proton of 2.34 ppm upon complex formatfand
NMR variable temperature experiments exhibiting, through
a coalescence process, the desymmetrization of the complex,
that is, the emergence of two signals (2:1 ratio) for the acid
protons of the guest and for the amide protons of the host at
210 K. At room temperature, thiél NMR spectrum of the
complex shows a single signal for each type of proton. The
triacid is probably involved in a binding exchange process
within the receptor at room temperature, rendering the three
amidopyridine arms identical and the carboxylic acid protons
not observable. To gain insight into the complex geometry

A Y T W .
A e

(b) o ]

(a) T L
T '

2 1 ppm

Figure 2. Selected®H NMR spectra: (a)la at 293 K, (b)la-3at Figure 3. X-ray structures of the 1:1 complexes between tripodal

293 K, and (c)la-3at 210 K. hostla and triacids2 and 3. Only polar hydrogens in calculated
positions are shown. Dotted lines indicate intermolecular hydrogen
bonds.

in solution, a ROESY experiment was carried out at 293 K.
From the cross-peaks obtained, the existence of close

intermolecular contacts between protons, My of the different intermolecular hydrogens bonds are established
receptor and the HHjq of the triacid were derived (see Figure (Table 2). In each bidentate interaction, the hydrogen bond
1 for proton assignment). These results, together with the €stablished between the pyridine nitrogen and the carboxylic
absence of any other cross-peaks between the protons of th@cid proton is shorter than the one between the amide
receptor and of the triacid provide strong evidence for the hydrogen and the oxygen carbonyl of the carboxylic acid.

predominance of geometry (1a-3)& solution. In this In general, the distances for the intermolecular hydrogen
geometry six non-distorted hydrogen bonds are establishedoonds are longer than the corresponding ones found in the
forcing the triacid3 to bind in a different mode compared 1a-2complex, reflecting weaker interactions.

to thelar2 and1b-2?° complexes. For theler3)A geometry Superposing the X-ray structure bdin thela-2andla-

the two axial hydrogens; to the carboxy groups, pointinside 3 complexes reveals that the host conformations are not
the receptor’s cavity. Thus, the measured enthalpy differencesignificantly different upon accommodatirggor 2 (RMS"™

cannot be accounted by distortion of a single hydrogen bond.deviation 0.552 A for all heavy atoms except the propyl
chain). Moreover, the bound triaci®sand 3 do not show

(11) Macromodel V6.0. Mohamadi, F.; Richards, N G. J.; Guida, W. any sign of conformational strain. A likely explanation for

C.; Liskamp, R.; Lipton, M.; Caulfield, C.; Chang, G.; Hendrickson, T.; ity i i

Stll, W, C. 3. Comput. Chemi 990, 11, 440, the observed selectivity is that the overall change in the
(12) This value of the downfield shift of the amide proton resonances

indicates that a triple bidentate hydrogen bonding is taken place. See refs (13) Kabsch, WActa Crystallogr.,Sect. A1976,32, 922; Kabsch, W.

2—4. Acta Crystallogr.,Sect. A1978,34, 827.
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intermolecular interaction distances (the smaller difference ||| NG

for the six hydrogen bonds adds up to 0.439 A) mainly
accounts for the measured difference in binding enthalpy of
~1.75 kcal/mol.

Simple calculations using the AMBER* force field also
point in this direction. The X-ray structures of tha-2and
la-3 complexes were minimized, yielding a total energy
difference of 6.25 kcal/mol in favor of th#a-2 complex.
Interestingly, the major contribution to this difference comes
from the electrostatic term 5.25 kcal/mol, which mainly
accounts for the intermolecular hydrogen bonding.

Although the crystal packing of the two complexes is not
identical the following common trends can be observed: the
1:1 complexes stack on each other involving e
interaction between the two central aromatic rings that are
rotated by 60°, in a face to face geometry separated by ca.
3.9 A and forming a stacked dimer (Figure 4a and“ijie
absolute stereochemistry of the complexes alternates in the
stacked dimers; and adjacent dimers pack by establishing
two different types of edge-on stacking interactiSmgtween
aromatic protons and aromatic rings of the receptor’'s arms
(Figure 4c and d).

A close inspection of both crystal packings reveals the

presence of solvent molecules assisting the dimer paCking’Figure 4. Commons—sm stacking interactions observed in the

which expla_ms_ the unstability of the crystals in its absence. packing of thela-2and 1a-3complexes. Face to face stacking of

For thecistriacid an easy to observe columnar arrangement the two 1:1 complexes (d)a-3and (b)1a-2. Two point edge-on

emerges from the crystal packing; the-r dimers of type stacking interaction established between arms of adjacent 1:1

b stack on top of each other in an alternating top-to-top and complexes (c) using different *arms” and (d) using the same “arm”.

bottom-to-bottom fashion. The packing for thianstriacid In all cases, only polar an_d rele_vant aromatic hydrogens are shown
. and one guest molecule is omitted for clarity.

complex can be described as sheets formed by the type a

dimers in a “zig-zag” arrangement with reference to its
central axis. The resulting sheets pack on top of each other.ity. In our simple system based on only six hydrogen bonds,

In summary, the study of the complexga-2 and 1a-3 a subtle difference in hydrogen bonding lengths results in a

and associated crystal packings provides nice examples ofinding enthalpy difference of 1.75 kcal/mol.
intermolecular interaction motifs used in solution and in the

solid phase for the construction of supramolecular entities. Acknowledgment. We thank the DGESIC (Projects
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