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The host—guest interaction between four hexaaza macrocyclic ligands (3,6,9,17,20,23-hexaazatricyclo[23.3.1.11119]-
triaconta-1(29),11,13,15 (30),25(27)-hexaene (Bd), 3,6,9,16,19,22-hexaazatricyclo[22.2.2.2** ¥]triaconta-1(27),11-
(30),12,14(29),24(28),25-hexaene (P2), 3,7,11,19,23,27-hexaazatricyclo[27.3.1.1*3]tetratriaconta-1(33),13, 15,17-
(34),29,31-hexaene (Bn), 3,7,11,18,22,26-hexaazatricyclo[26.2.2.213S]tetratriaconta-1(31),13(34),14,16(33),28(32),29-
hexaene (P3)) and two dicarboxylic acids (oxalic acid, H,Ox; oxydiacetic acid, H,Od) have been investigated using
potentiometric equilibrium methods. Ternary complexes are formed in aqueous solution as a result of hydrogen
bond formation and Coulombic interactions between the host and the guest. In the [(HsP2)(Ox)]** complex those
bonding interactions reach a maximum yielding a log KRs of 6.08. This species has been further characterized by
means of X-ray diffraction analysis showing that the oxalate guest molecule is situated inside the macrocyclic
cavity of the P2 host. X-ray diffraction analysis has also been carried out for the complex [(HsBn)(Od).](Br),-6H,0,
where now the oxydiacetate is bonded to the host but outside the macrocyclic cavity. Competitive distribution
diagrams and total species distribution diagrams are used to graphically illustrate the most salient features of these
systems, which are the following: (a) The Bd and P2 ligands bind Ox significantly much more stronger than Od.
This is clearly manifested for the P2:0x:0d competitive system, where a selectivity of 92.5% in favor of the P2—0x
complexation against P2—0d is obtained at p[H] = 2.8. (b) No isomeric effect is found when comparing binding
capacities of oxalate with two isomeric ligands such as P2 and Bd since their affinity to bind the substrate is
relatively similar. (c) Bn and P3 ligands have a similar behavior as described in (a) for P2 and Bd except that due
to the increase of cavity size the differentiation becomes smaller. (d) Less basic ligands containing two methylenic
units Bd (log 8 = 40.42) and P2 (40.42) bind stronger to the substrates than those containing three methylenic
units Bn (50.32) and P3 (50.64) even though their relative predominance depends on p[H].

Introduction Within this field, we have recently undertaken a systematic

The molecular recognition of anionic guest species is an evaluation of molecular recognition phenomena between
area of current intense chemical investigation with potential Phosphates and nucleotides based on hexaazamacrocyclic
applications in environmental, industrial, and health-related ligands containing xylylic and diethylic ether spaceis.

disciplinest this work, we have quantitatively evaluated the different
. - _factors involved in the recognition processes, namely,
Hobggﬁgg_gg hom correspondence should be addressed. E-mail: antoni. o matric fit, Coulombic interactions, hydrogen bonding, and
lUniversitat de Girona. m— stacking interactions.
%fﬁ‘f;gg'\gf%?é‘gfgg' We are now directing our attention to the coordination of
Il Universitat de Barcelona. dicarboxylic substratégyiven their multiple and important
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implications in biological processédpr instance, hyperox-

aluria is an illness caused by excessive generation and
excretion of oxalate. It is also well documented that excess

of oxalate anion, a minor constituent in ordinary foodstuffs,
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can cause serious damage to bone tissue. For these reasons

it is of special interest to design oxalate receptors that (a)
can allow to built up sensors for monitoring purposes and
(b) can permit its sequestratiéh.

In this paper we report the hesguest binding interactions
of a family of four ditopic hexaazamacroyclic ligands
containing meta and para-xylylic spacers and different
content of methylenic units within amine groups as shown
in the Chart 1. These four ligands allow us to perform a
systematic evaluation of the fundamental features involved
in host-guest binding interactions with different dicarboxylic
acids, including the geometrical fit, which is described here
on.

Experimental Section

Materials. RG grade KCI was obtained from Aldrich, and €O
free Dilut-it ampules of KOH were purchased from J. T. Baker

Chart 1. Drawings and Abbreviations for the Ligands and Substrates
/\N——N/\
N N
N e Y/
N\ = WH(CHp) g (Cop) piH; n=2 or 3
Ligand Spacer n Cavity® Basicity
Bd )(j\ 2 1.00 40.42
P2 C} 2 1.12 40.42
Bn /(:k 3 1.20 50.32
P3 (} 3 1.34 50.64

aCavity size normalized for the smallest mac Bd

(see text)

(6] O O, CH, CH, O

S T TN
Ox od

Potentiometric Titrations. Potentiometric measurements were

Inc. Reagent grade oxydiacetic and oxalic acids were purchasedgongycted in a jacketed cell thermostated at 26.@nd kept under

from Merck. The KOH solution was standardized by titration against

an inert atmosphere of purified and humidified argon. For the

standard potassium acid phthalate with phenolphthalein as i”dicatorpotentiometric measures a Crison pHmeter, (model 2002) was used

and was checked periodically for carbonate conten%):*

equipped with a glass electrode and a Ag/AgCl reference electrode

Ligands Bd, P2, Bn, and P3 (see Chart 1 for abbreviations used)ith saturated KCI as internal solution. The volume of titrating
have been synthesized and characterized according to previously;gent to be added to the reaction mixture was controlled by means

published procedure&5-8
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of a electronic Crison buret with a nominal volume of 2.5 mL.
The support electrolyte used to keep ionic strength constant at 0.10
M was KCI. The electrodes were calibrated by titrating a small
amount of HCI at an ionic strengh of 0.10 M and a constant
temperature of 28C and determining the titration end point with
the Graf method that allows one to calculate the electrode’s
standard potentiaE’). log K,, for the system, defined in terms of
log([H*][OH"]), was found to be—13.78 at the ionic strength
employed® and was kept fixed during refinements.

Acid dissociation constants for the oxalic acid and oxydiacetic
acid were determined under exact conditions employed in this work
and were found to agree well with data from the literafire.

Potentiometric measurements of solutions either containing the
ligand or the ligand plus equimolecular amounts the appropriate
substrate were run at concentrations of 2.00~3 M and ionic
strengths oft = 0.10 M (KCI). At least 10 points/neutralization of
every hydrogen ion equivalent were acquired, repeating titrations
until satisfactory agreement was obtained. A minimum of three
consistent set of data were used in each case to calculate the overall
stability constants and their standard deviations. The range of
accurate p[H] measurements were considered to-b&22 Equi-
librium constants and species distribution diagrams were calculated
using the programs BESTand SPEXY, respectiveli?.

NMR Spectroscopy. 'H NMR spectra in RO solution at
different pH values were recorded at 298 K in a Varian 300 MHz
spectrometer. The peak positions are reported relative to HOD at

(9) Gran, G.Analyst (London)L952 77, 661.

(10) Smith, R. M.; Martell, A. E.NIST Critically Selected Stability
Constants: Version 2;(National Institute of Standards and Technol-
ogy: Gaithersburg, MD, 1995.

(11) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability
Constants2nd ed.; John Wiley and Sons: New York, 1992.

(12) SPEXY is a program created by R. J. Motekaitis which generates an
X=Y file that contains the concentration of all the existent species in
solution as a function of p[H] using BEST output files.
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4.79 ppm. Small amounts of 0.01 main—3 NaOD or DCI solutions Table 1. Summary of Crystal Structure Results for the Complexes

were added to a solution of the ligand to adjust _the pD. The pH [(HeP2)(OX)] (B} [(HeBN)(OdY](Br)»-
was calculated from the measured pD values using the following param 4H,0 (1) 6H,0 (2)
relationship: pH= pD — 0.4013 =

Preparation of Crystalline Complexes. [(HP2)(Ox)]Brs: E/Tpmcal formula 8%?3H§‘§NGOSBM Cfégfgéommz
4H,0, 1. A solution of 0.05 mmol of disodium oxalate in 2 mL of cryst system monoclinic triclinic,
water was added dropwise over a solution of 0.046 mmol of the space group P2y/n P1
ligand [HsP2]Brs in 2 mL of water. After 2 weeks of a slow ﬁgég 19682881(%) ig'égg((?)
diffusion of this solution with ethanol at room temperature, ¢ (A) 13.589(3) 12.115(6)
appropriate crystals for X-ray diffraction were obtained. a (deg) 74.22(2)

[(HeBN)(Od)4]Br »-6H,0, 2. A solution of 0.21 mmol of oxy- B (deg) 98.82(2) 65.170(10)
diacetic acid in 1 mL of water was added dropwise over a solution 3%‘2@5") 1863.0(5) ?82317%((11%)»
of 0.100 mmol of the ligand [EBn]Brg in 3 mL of water. The pH 7 5 1
was adjusted to 5.0 by addition of small amounts of a 0.1 M solution  temp (K) 296(2) 162(2)
of NaOH. The solution was allowed to evaporate at room (Mo Ka) (A) 0.710 69 0.710 69
temperature, and after 1 week, appropriate crystals for X-ray  (@/cm) 1.602 0.71073
diffraction were obtained. 4 (mm) 4.370 0.104

o Rl > 20(1)]2 0.0399 0.0685
Crystal Structure Determinations. [(HgP2)(Ox)]Br4:2H,0. A WR (all datay 0.0954 0.1605

prismatic crystal (0.2 0.1 x 0.2 mm) was selected and mounted
on a MAR345 diffractometer with image plate detector. Unit cell
parameters were determined from automatic centering of 2607
reflections (2< 6 < 27) and refined by the least-squares method.
Intensities were collected with graphite-monochromatized Mo K
radiation. A total of 10 041 reflections were measured in the range
1.89< 0 < 26.73, 3735 of which which nonequivalent by symmetry
(Rint (on1) = 0.031). A total of 2313 reflections were assumed as
observed by applying the conditidr» 20(l). Lorentz—polarization

and absorption corrections were made.

The structure was solved by direct methods, using the SHELXS
computer progra#t and refined by the full-matrix least-squares
method with the SHELX97 computer progrdfnusing 2916
reflections (very negative intensities were not assumed). The
function minimized wag Y WlF,|? — |F¢?|, wherew = [o?(l) +
(0.042P)? + 4.380P]tandP = (|F,|2 + 2|F9/3.1, f', andf "
were taken from ref 15. A total of 26 H atoms were located from
a difference synthesis and refined with an overall isotropic
temperature factor. The final R (df) factor was 0.039, wR (on
|[F|?) = 0.095, and goodness of fit 1.103 for all observed
reflections. The number of refined parameters was 297. Maximum
shifttesd = 0.00. The maximum and minimum peaks in final
difference synthesis were 0.503 an®.480 e A3, respectively.

Drawings of molecules are performed with the program
ORTEP326 with 50% probability displacement ellipsoids for non-
hydrogen atoms.

[(HeBN)(Od),]-6H,0. A Bausch and Lomb 10 microscope was
used to identify a suitable colorless needle 0.3 mr@.02 mmx
0.02 mm from a representative sample of crystals of the same habit.
The crystal was coated in a cryogenic protectant (Paratone) and
was then fixed to a glass fiber which in turn was fashioned to a
copper mounting pin. The mounted crystal was then placed in a
cold nitrogen stream (Oxford) maintained at 110 K.

A Bruker SMART 1000 X-ray three-circle diffractometer was
employed for crystal screening, unit cell determination, and data
collection.The goniometer was controlled using the SMART
software suite, version 5.056 (Microsoft NT operating system). The

AR = JIFol = IFell/ZIFol. ®WR = [F[W(Fo? — FAZ3 [W(Fo*)]] V%

sample was optically centered with the aid of a video camera such
that no translations were observed as the crystal was rotated through
all positions. The detector was set at 5.0 cm from the crystal sample
(CCD-PXL-KAF2, SMART 1000, 512« 512 pixel). The X-ray
radiation employed was generated from a Mo-sealed X-ray tube
(Koo = 0.701 73 A with a potential of 50 kV and a current of 40
mA) and filtered with a graphite monochromator in the parallel
mode (175 mm collimator with 0.5 mm pinholes).

Dark currents were obtained for the appropriate exposure time
10 s, and a rotation exposure was taken to determine crystal quality
and the X-ray beam intersection with the detector. The beam
intersection coordinates were compared to the configured coordi-
nates, and changes were made accordingly. The rotation exposure
indicated acceptable crystal quality, and the unit cell determination
was undertaken. A total of 60 data frames were taken at widths of
0.3 with an exposure time of 10 s. Over 50 reflections were
centered, and their positions were determined. These reflections
were used in the autoindexing procedure to determine the unit cell.
A suitable cell was found and refined by nonlinear least squares
and Bravais lattice procedures and reported here in Table 1. The
unit cell was verified by examination of thél overlays on several
frames of data, including zone photographs. No supercell or
erroneous reflections were observed.

After careful examination of the unit cell, a standard data
collection procedure was initiated. This procedure consists of
collection of one hemisphere of data collected usimgscans,
involving the collection 1201 0%3frames at fixed angles fap,

260, andy (20 = —28°, y = 54.73), while varyingw. Each frame

was exposed for 20 s and contrasted against a 20 s dark current
exposure. The total data collection was performed for duration of
approximately 13 h at 110 K. No significant intensity fluctuations
of equivalent reflections were observed.

After data collection, the crystal was measured carefully for size,
morphology, and color. These measurements are reported in Table
1.

(13) Covington, A. K.; Paabo M., Robinson, R. A. Bates, RAGal. Chem. Results and Discussion
1968 40, 700.

(14) Sheldrick, G. MSHELXL97. A computer program for determination Solid-State Structure of 1 and 2.Mixing equimolecular
of crystal structure University of Gdtingen: Gdtingen, Germany,

1997. amounts of [HP2]Brs and disodium oxalate in water
(15) Inter?]ationeLljl Iabllgi iorv X]r?\% Crys;glll%gorapryﬁgch Press: Bir- generates colorless crystals of {f#2)(Ox)]Bu-2H,0, 1, after
mingham, U.K., ; Vol. IV, pp an . . . . : .
(16) ORTEPS for Windows: Farrugia, L. J. Appl. Crystallogr 1997, 30, a slow diffusion of this solution with 'ethanol at room
565. temperature. [(EBn)(Od)}]Br,-6H,0O, 2, is prepared by
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Table 2. Hydrogen Bond Metric Parameters (A, deg) for Anionic
Complexesl and?2

compdl@D—H-+A  d(D-H) dH--A) dD--A) O(DHA)

Ni—Hlna--Brl 0.94(6) 2.27(7)  3.185(4)  164(5)
N1-Hin--04 0.79(5)  2.43(5) 2.971(6)  127(5)
N1-Hin--03 0.795)  2.31(5) 2.977(6)  143(5)
N2—H2na--02 0.98(5) 1.82(5) 2.789(5)  174(5)
N2—H2n-+-Br2_4 0.87(5)  2.44(5)  3.304(4)  176(5)
N3—H3n---04 0.8996  1.911P  2.796(6)  167.45

N3—H3na--01_3 0.9008  1.943%  2.795(5)  157.05

N3—H3na--02 0.9008  2.4669  3.097(5) 127.3%

03-H30a--01 0.72(5)  2.12(5)  2.828(6)  169(6)
03-H30-++02 0.82(6) 1.96(6) 2.753(5)  164(5)
O4—Hdo++Br2 0.73(7)  2.49(7)  3.210(5)  170(7)

04_3-H4oa_3-Brl  0.74(7)  2.54(7)  3.265(5)  166(7)

compd2XD—H-A  d(D-H) d(H-A) dD-A) O(DHA)

N1-Hla-:-O5_2 0.92 2.013 2.809 143.97
N1-H1d--01_2 0.920 1.795) 2.708 171.24
N2—H2a--01 0.919 2.400 3.061 128.76
N2—H2d---0O5 0.920 1.883 2.797 172.00
N2—H2a--02 0.919 1.942 2.826 160.67
N2—H2d:--O4 0.920 2.710 3.239 117.49
N3—H3a--02_2 0.921 1.822 2.708 160.66
N3—H3d---04_2 0.918 1.98 2.897 175.82
N3—H3a--03_2 0.921 2.446 2.835 105.59
N3—H3d:--03_2 0.918 2.478 2.835 103.39
06—H6d---:06_2 0.850 2.524 2.944 111.57
06—H6d---:07_2 0.850 1.923 2.740 160.79
06—H6¢--08 0.849 2.748 2.868 89.46
O7—H7d---Br1’_2 0.849 2.243 2.978 144.92
08—H8d---Brl 0.850 2.203 3.037 166.71

aIn 1, _3 corresponds to symmetry operations “HX, 1/12—vy, 1/2+
7’ whereas _4 corresponds te-%, —y, —2z’.  Atoms situated in crystal-
lographic special position§.In 2, _2 corresponds to symmetry operation
=X, -y, —Z.

mixing [HeBn]Brs and oxydiacetate with a molar ratio 1:2
in water, adjusting the acidity to pH 5, and allowing water
to evaporate slowly for a few days.

The crystal structures df and 2 have been determined
by means of single-crystal X-ray diffraction analysis. Table
1 contains crystallographic data for complexesand 2,
whereas Table 2 contains their selected bond distances and
angles. Figure 1A,B displays their ORTEP diagrams. Com-
plexesl and 2 crystallize in the monoclinid2;/n and the
triclinic P1 space groups both with 2 and 1 molecules/unit
cell.

The centrosymmetric cationic part bitan be considered Eﬁgﬁij 'Scﬁg)nﬂt;"Zn?jrﬁﬁ‘gt‘fgﬁ{i’;‘,ﬁg@fﬁﬁvﬁ?&%ﬁ)f’gjf)’]?f_'"(%% 'gﬂg‘r;"”g
as the initial [{P2F" ligand bonded to the oxalate dianion diagram (ellipsoids at 50% probability) including labeling scheme o{(H
within its macrocyclic cavity, with the inversion center BM(OdH*"
situated in the middle of the oxalate-© bond. The oxalate
is placed inside the cavity so that two oxygen atoms are
directed upward with regard to the plane of the cavity and
the other two downward (see Figure 1A). The oxalate is
located so that it has a 50.28ngle with regard to the plane

amine N3, and O2 to N2 and N3 (see Table 2 for a complete
listing of hydrogen-bonding parameteté)he oxalate group

is not bonded to N1, but N1 is strongly hydrogen bonded to
two crystallization water molecules (O3 and 0O4) and

: . - moderately bonded to one of the bromide counteranions, Brl.
f N f th lic | that . . '
defined by six N atoms of the macrocyclic ligand that can The O3 water molecule in turn is also hydrogen bonded to

be considered to define the plane of the cavity (mathematicalth lat . i it i The 04 molecul
equations for the planes are presented as Supporting Infor-haeS ?‘)éi?;ﬁa:ar;:r?t \;:;1 dlrzgc()a):\ygb%mgsotmh; aree situr;]eo de?rl\JZ
mation). The aromatic rings are parallel to one another and ; .

) g p tetrahedral manner and is bonding to N1 and N3 of two

form an angle of 77.73with regard to the mentioned cavity diff t but wicall lated i q
plane. The oxalate is strongly bonded to the macrocyclic irerent but symmetrically refated macrocyclic secondary

ligand through electrostatic interactions and also through a(ﬂ) @) Tayior RiK 3, Owco, Chem, Red 84 17, 320-326. (b)

: H a) laylor, R.; Kennard, CC. em. rRe y .
network qf hydrogen bonds with its carboxylate groups. Lehn, J-M.. Meric, R Vigneron, J.-P.: BKouche-Waksman, 1.
Thus, O1 is hydrogen bonded to the secondary macrocyclic Pascard, C. . Chem. Soc., Chem. Comma991, 62.
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. P2H, e, N -~ b TN, P3
N / \ P2y . \ ,
801\ / . / 80 J \ - /
LRI ) . \\ // 70 4 '\v 2 /
o] | / \ P2H, o | \ P,

X501 \\ /: \</ Pz.'jz P/ x50 \isHSPsH“ /f\\_,:‘: PSH/
401 1/ AN N 40 4 N/ A
1/ Fov Y N /L
20 I\ \ // \ \\/ / / \ /\ A
1: L/ \‘\_\ NN 12 o /A\\ \ .
pH pH

Figure 2. Species distribution diagrams for the P2 and P3 ligands a function of p[H].

. . - . Table 3. Logarithms of the Protonation Constants for Ligands (P3, Bn,
amines and to two symmetrically related bromide counteri P2, and Bd) and Substrates (Ox and Od) at 2&@ndu = 0.10 M

ons, therefore acting as bridge between symmetrically related(kcr

complexes. . . _ equilib? P8 Bn P2 Bd Od Ox
The centrosymmetric cationic part 2tan be considered " — ] 1055 10.35 954 946 3.93 3.99

as the initial [#Bn]¢" ligand bonded to the oxydiacetate  KH,=[H.LJ/[HL][H] 10.06 9.76 890 872 283 1.0
dianion, with the inversion center situated in the center of E:sjnﬂdj{: 2'[}{2} ?-gs 3-%‘ g-ég ;-?g
the macrocyclic cavity. The ¢n moiety is forming a sort KHe — [H;‘L],[HEL][H] 712 722 318 375
of a chair mostly flat except for the ends where the N3 KWYe=[HeL}/[HsL][H] 6.70 6.67 3.04 3.40
secondary amines are situated up and down the main cavity210g K" 50.64 5032 40.42 40.42
. 108 or ref 1.9 2.1 1.5 19 21 37

plane. Thus, the two N3 atoms (N3 and its symmetry-related
N3_2) are situated at the upper and lower positions with  ®Charges have been omitted for clarity.
regard to the mentioned cavity plane. The aromatic rings = ) o )
are located nearly parallel to each other and nearly perpen_dlﬁerlng in the number of methylenic units increase their
dicular to the cavity plane. Two oxydiacetates/macrocyclic Cavity size by 20%, due now to the increase in four member
moiety are vertically located above and below the cavity and ring units of the cavity. From a topologic viewpoint theeta
are strongly bonded through electrostatic interactions andligands have a rectangular shape whereagpdnasubstituted
hydrogen bonding. This generates a pseudochain along theare closer to a square. From the aeishse point of view
x-axis since each diacetate is bridging two symmetrically the isomeric ligands have practically the same protonation
related macrocyclic moieties. The chains are interacting one constants as can be seen in Talf&E3wvhereas the increase
another along they axis through weak hydrogen-bonded in four methylenic unis increases the basicity by about 10
water molecules that act as bridging units and alongzthe orders of magnitude. The species distribution diagram shown
axis through hydrogen bonds between the central oxygen ofin Figure 2 for the P2 and P3 case illustrate how this
the diacetate, O3, and the N3 atoms of the macrocycle (seedifference in basicity influences the zones of predominance
Table 2 for quantitative values). Finally, the bromide of the different protonated species of each ligand. Perhaps
counterions are also weakly interacting with the water the most illustrative feature of these diagrams is that for P3
molecules. the pentaprotonated speciesPP", does not start to form

Ligands and Substrates.In this work we describe the  significantly up to pH higher than 5 whereas for P2 atsH
recognition capacities of four ligands with two dicarboxylic 2 the abundance of R is already 9%.
sgbs@rates that are presented in Chgrt 1. The ligands are four rhe substrates used in this work are the oxalic and
ditopic hexaazamacroycles that differ one another in the
aromatic substitution that can lmetaor para and in the
number of methylenic units linking the secondary amines.
Thus Bd, possessingetasubstitution and two methylenic
units, is the receptor having the smallest cavity whereas P3, . . .
which possessqsara subtitution and three methylenic units, c_arboxyhc_ groups. Ihelr protonation constants are also
has the largest cavity. Assuming an extended conformationd'Splayed in Table 3
of all the C and N sp atoms, which is actually the Formation of Ternary Species H:L:S. With the indi-
conformation presented by Bn in its X-ray structéfehe vidual protonation constants for all the ligands and substrates
relative size of their cavities can be calculated normalized described in the previous section precisely known, then the
to Bd, which is the ligand with the smallest cavity. In this potentiometric data (Figure 3A for the PDx and P3-Ox
way isomeric ligands are 12% larger in thara case since  systems) of a solution containing an equimolecular amount
the cavity increases by two member ring units with respect of ligand and substrate can be resolved giving the nature
to themeta ligands with the same aromatic substitution but and logKR values of the species generated (see Table 4).

oxydiacetic dicarboxylic acids, and they differ in size and

molecular flexibility. While oxalic acid can be considered a

very rigid molecule, the oxydiacetic acid can be considered
as highly flexible due to the three 3ptoms linking the
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Figure 3. (A) (®) Experimental curves obtained for the potentiometric titrations of equilibrated oxalate substrate(@.® M) with the ligands P2 and
P3 (2.0x 1073 M) at 25.0°C andu = 0.1 M (KCI) and ©) calculated potentiometric curve for the same system assuming there is no interaction between
the substrate and the ligand. (B) Species distribution diagram as a function of p[H] for the-f@ux systems (L= Bd, P2, Bn, P3).

For the P2-Ox system ¢ = 0.0060) the presence of Figure 3B displays the species distribution diagrams as a
five equilibrium species detected can be expressed as followsfunction of p[H] obtained for the four £Ox systems; the
diagrams for the other four £Od systems are relatively
H,PZ" + OxX” = H,P20x logk®,=2.22 (1)  similar and are displayed as Supporting Information.

For the L-Ox (L = Bd and P2) systems it is interesting
to note that over the p[H] range-Z the predominant species
are H:L:Ox rather than the individual species derived from
protonation of the ligand and substrates. This range is reduced
to 4—6.5 for similar systems but using the more basic Bn
and P3 ligands that contain three methylenic units. It is also
H6P26+ + O = H6P20>€+ log KRG =6.08 (5) worth mentioning that in all cases the more abundant species
are the HLS; Bd and P2 reach a maximum abundance of
HereKR/'s are the recognition constant of protonation degree nearly 90% at p[H]= 3.0, whereas for Bn and P3 the
i and are listed in order of appearance from high to low p[H]. maximums are shifted to p[H} 5.0 and the abundance is

H,PZ* + OX” = H,P20X logKR,=2.32 (2
H,PZ" + Ox¥ =H,P20%" logkR,=2.82 (3)

HPZ" + OX” = H,P20X" logKR;=4.84 (4)
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Figure 4. log KR; versusnH (the different ternary species with various degrees of protonation) for th€®ORP3-Ox and P2-Ox/P2-Od systems.

Table 4. Stepwise Association Constants)(for the Interaction of L after the ones recently described by Neféat al. using an
(L = Bd, P2, Bn, and P3) with S ($ Ox and Od) at 25.0C andu = azacryptate as a host. It also turns out that Nelson’s complex

0.10 M (KCl . . .
_( ) and ours are the only two examples described in the literature
stoich where the evidence for the oxalate being situated within the
L S H equilik? Bd P2  Bn P3 cavity of the macrocyclic guest is also obtained by means
Oxalate (Ox) of X-ray crystallography.
i 1 g %tg;%: iﬂgﬂ g:ég %gg The potentiometric data was also mathematically treated
1 1 4 [HLOX)/[H4L]OX] 333 282 220 223 by assuming a 1:2 L:S stoichiometry, given the crystalline
1 1 5 [HLOX]/[HsL][Ox] 476 484 280 272 precipitation of complex2 containing this stoichiometry.
1 1 6 [HLOXJ/[HeLI[OX] 583 6.08 325 3.30 N hel . inaful |
1 1 7 [HLOX/HHOX 212 evertheless in any case, no meaningful results were
1o 77 60 35 72 obtained using this stoichiometry indicating that the driving
Oxydiacetate (Od) force for the formation of is probably its higher insolubility
1 1 1 [HLOd)[HL][Od] 191 180 218 than the corresponding 1:1 species.
1 1 2 [HLOd)[HoL]Od] 201 203 174 204 1
1 1 3 [HLOdJ/[HsL][Od] 260 230 208 237 H NMR spectroscopy was also used to follow the
1 1 4 [HLOdJ/[HaL][Od] 328 290 242 253 complexation process for the B®Dx and Pd-Ox systems
1 1 5 [HLOd]J/[HsL][Od] 352 384 278 282 . ; i titrati
1 1 6 [HLodHuiod] 110 428 301 297 W|th|n_ the p_H ranges of the potentiometric t|tra_t|ons. The
1 1 7 [HLOdJ[HeHOd] 257 232 230 212 chemical shifts of all the resonances of the free ligands were
1 1 8 [HLOd]/[HeL][H20d] 2.48 1.90 1.56 found to decrease as the pH increased. Small complexation
100 28 38 36 28 induced shifts (CIS) were also found for ligand protons,
aCharges have been omitted for clarity. corroborating the formation of ternary species, and are

graphically displayed as Supporting Information.

lowered to 60%. The highest equilibrium constant for the Competitive Diagrams and Molecular Flexibility. Figure
present ternary recognition complexes H:P2:0d described 4 presents plots of the IdgR; versusnH, for different ternary
in egs 1-5 also corresponds to the formation of the species gpqcies with various degree of protonation for selected
HeP20X", log K" = 6.08, where Coulombic interaction and g stems; Figure 5A presents competitive calculated species
potential hydrogen bonding reach a maximum. For tee H istribution diagrams and total species distribution diagrams
P30x™ case this value is reduced to 3.30. , _ for equimolecular amounts of one ligantvo substrates

The recognition constant values obtained for the isomeric systems E-Ox vs L—Od whereas Figure 5B presents similar
Bn and P3 ligands containing three methylenic units bonding graphs for systems comparing two ligands and one oxalate.

th'e amines lay within t'he range of hoguest mteraphon; For the Bd-Ox—0d competitive system, H:Bd:Ox species
with cyclic and acyclic receptors and carboxylic acids . T -
. . 18 - predominate over H:Bd:Od within the p[H] range 2, as a
reported in the literatur&:® However the recognition : -
. . . consequence of the higher binding constants found for the
constants obtained for the Bd and P2 ligands with regard to .
: : ) : Bd—Ox system with respect to the B&Dd system. The total
the oxalate anion are the highest reported in the literature . o : : ) :
species distribution diagram gives a graphical view of the
(18) (a) Hosseini, M. W.; Lehn, J.-M. Am. Chem. Sod982 104 3525 selectivity of the Bd ligand for the Ox substrate with respect
2237-( ()b)L HhOSSJeir,:/il, MM W IEeEh{]/' J.—I\Helz/J. Cth\]N Akcta1986B I(69, A to Od. For instance for the BeOx—Od competitive system
. (C) Lehn, J.-M.; Meric, R.; Vigneron, J.-P.; WWaksman-bkouche, H : H
I.; Pascard, C. . Chem. Soc., Chem. Commi891, 62. (d) Dietrich, (Figure 5A) ‘?it p[H] 3.20, 94.8% of the Bd Il_gand IS
B.; Hosseini, M. W.; Lehn, J.-M.; Sessions, R..B.Am. Chem. Soc complexed with the two substrates, 84.3% forming H:Bd:

1981 103 1282-1283. (e) Kimura, E.; Sakonaka, A.; Yatsunami, i 0 i ‘Bd" i
T Kodama, M.J. Am, Chem. S08981, 103 30413049, (f) Bencin. Ox species and 10.5% forming H:Bd:Od species. That

A Bianchi, A.; Burguete, M. |.; GaferEspéa, E.: Luis, S. V.: implies a selectivity of 88.9% in favor of the Ox complex-

sargilr(ezt,q. é.ﬁ. A’;n..bChem_. 8031%92 I\/lllét ﬁ9i?5921é rgg) Lluég%; ation against Od (the selectivity at a given p[H] for the
otekalts, R. J.; Reloenspies, J. J.; Martell, rg. em : . . H E . H 3

34, 4958, (h) Motekaitis, R. J.- Martell, A. Bnorg. Cher 1996 35, formation of H:Bd:Ox species over HBd:Od is defined here

4597. as [(% H:Bd:0x)/((% H:Bd:Ox) + (% H;:Bd:Od))] x 100).
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Figure 5. (A) Competitive calculated species distribution diagram and total species distribution diagrams for systems with equimolecular amounts of

L—Ox—0d (Bn, Bd, P2, P3) and (B) those for B8n—Ox and P2-P3—0Ox.

The P2-Ox—0d system parallels that of the Bd just of the ligand receptors, tHeur-waybonding can take place
described, where the P2 ligand display higher affinity for with comparable restrains for the two isomers and thus bind
the oxalate substrate than for the oxydiacetate, which is alsoin a very similar manner.

shown graphically in Figure 4. A quantitative analysis can  Eqor the B-Ox—0d and P3-Ox—0Od competitive sys-

be carried out calculating thalog K% defined as tems, depicted in Figure 5A, the behavior parallels that of
their analogous ligands bearing only two methylenic units
within secondary amines Bd and P2, respectively, but with
a lower degree of differentiation. This is clearly observed in
a quantitative fashion calculatingog KRs, which now turns
out to be 0.33 for the P3 ligand receptor (0.24 for Bn). This
decrease in recognition capacity is due to an increase of the
macrocyclic cavity dimension of the Bn and P3 ligands that
produces a much poorer fit.

Alog KRs = log KRy(HeLS) — log KR((HLS)  (6)

for a particular ligand and two different substrates (S and
S). For the P2-Ox—0d system the\log KRs = 1.80 (1.73
for Bd). The stronger affinity of Ox over Od for either the
P2 or Bd ligand receptors is attributed to the fact that the
Ox is capable to better accommodate into the macrocyclic
cavity of the ligand than Od and its rigidity produces an even . o o )
stronger Coulombic and hydrogen-bonding interactions. This ~ Finally, the less basic ligands containing two methylenic
adequate fit of the oxalate with regard the P2 cavity is further Units Bd (logB"s = 40.42) and P2 (40.42) bind stronger to
corroborated by X-ray diffraction analysis as has been shownthe substrates than those containing three methylenic units
in a previous section. Bn (50.32) and P3 (50.64). This is seen numerically
When a comparison is made of the behavior of oxalate comparing the stepwise recognition constant values of Table
with the two isomeric ligands P2 and Bd, it is found that 4 and graphically in Figure 4 and in the competitive diagrams
the affinities are relatively similar. This means that different of Figure 5b where it can be observed that H:P2:0x
cavity topology presented by the Bd (rectangular) and P2 predominates over a much larger p[H] range than the
(squared) does not substantially affect the overall bonding. corresponding H:P3:0x. The correspondikigg KR values
This can be understood if one takes into consideration, thatare 2.78 for the P2 vs P3 case and 2.58 for the Bd vs Bn
as shown in the X-ray structure (see Figure 1A), the oxalate case. This produces p[H] zones where the selectivity of one
due to its rigidity only binds to the ligand receptor through ligand for a substrate is very high, as shown for instance in
four of the six secondary amines. Given the relative flexibility Figure 5B where at pls 3.3 the selectivity of the Bd ligand
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