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The binding tendencies of the enantiomeric forms, R,R and S,S, of the neutral receptor 1 towards anions were
investigated through UV-vis and 'H NMR titration experiments in DMSO. Both enantiomers form stable H-bond
complexes with carboxylates and phosphates. In particular, receptor 1 strongly binds two H,PO, ™ ions according two
stepwise equilibria, in which logK, is higher than logK,. Such an unusual cooperativity effect is to be ascribed to the
formation of strong H-bond interactions between the two H,PO,~ anions, when bound to the two urea subunits of
the receptor, as demonstrated by the crystal and molecular structures of the 1 : 2 complex salt:

[BuyNL,[R,R-1--- (H,PO,),]. The S,S enantiomer forms an H-bond complex with the biologically relevant
D-2,3-diphosphoglycerate anion, whose association constant is twice that of the R, R complex. Such an effect is
ascribed to the different structural features of the two diastereomeric complexes in solution, as shown by 3'P NMR

studies.

Introduction

There exists a current interest in the design of stereoselective
receptors for neutral enantiomeric substrates, especially biolog-
ically important ones (e.g. amino acids, peptides).! However,
much less attention has been paid to the study of abiotic selective
receptors for chiral anions, which, nevertheless, play a prominent
role in life? A significant number of anion receptors operate
as H-bond donors through the N-H fragment of amides,?
ureas,* pyrroles.” Bonding selectivity essentially derives from
multipoint interaction of the anion with the N—H groups placed
in the hosting framework according to a favourable geometrical
arrangement.*® Enantiomeric selectivity can be induced by
inserting a chiral fragment in a receptor’s framework. As a
common rule, the closer the chiral centre to the interaction
site(s), the higher the enantiomeric discrimination exerted by
the receptor.

In the purpose of designing a chiral anion receptor, we
considered the 1,2-substituted cyclohexane subunit, which may
exist in the two enantiomeric forms R,R and S,S. In particular,
the R,R-cyclohexane-1,2-diamine subunit has been proven as
a very useful compound in asymmetric synthesis,*™ and in
enantiomeric and diastereoisomeric recognition of peptides.'**
The same fragment has been inserted into 22-membered hex-
amine macrocycles, which, in their protonated form, make
enantioselective recognition of organic anions and N-protected
amino acids.” In this study, two 4-nitrophenylurea subunits have
been appended to the 1,2-cyclohexane moiety, to give 1: 1-(4-
nitrophenyl)-3-{2-[3-(4-nitrophenyl)ureido]cyclohexyl }urea.
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Urea is one of the most simple and classical neutral receptors
for anions, being able to establish two directional H-bonds with
Y-shaped anions like carboxylates.”*” The nitrophenyl group is
expected to polarize the covalently linked urea N-H fragment,
enhancing its H-bond donor properties. Moreover, the spectral
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features of the nitrobenzene chromophore can be altered by
the interaction with the anion, thus providing a signal of the
occurrence of the recognition process.” We report here on the
interaction of 1, both R,R and S.,S enantiomers, in DMSO
solution, with achiral oxoanions (acetate, benzoate, phosphate,
pyrophosphate) and with the chiral and biologically relevant
anion D-2,3-diphosphoglycerate.

Results and discussion
Achiral anions

A solution of R,R-1in DMSO (1.5 x 10-*M) was titrated with
a DMSO solution of [Bu,N]JCH;COO, in a quartz cuvette, and
thermostatted at 25 °C.

Fig. 1 displays the family of spectra obtained in the course
of the titration. It is observed that the band centred at 350 nm
(originating from a charge transfer transition from the closest N—
H fragment to the —-NO, group, across the phenyl ring) undergoes
amoderate bathochromic shift on acetate addition. The presence
of two isosbestic points, at 287 and 353 nm, indicates that only
two species co-exist at the equilibrium. The titration profile
(molar absorbance at 420 nm vs. equiv. of CH;COO™), shown
in the inset of Fig. 1, suggests the formation of a 1 : 1 receptor—
anion complex. Non-linear least-squares processing of titration
data confirmed the occurrence of the equilibrium (eqn. (1)),
whose logK value is 3.43 &+ 0.03.

1+ CH,COO™ = [1 ---CH,COOJ (1)

More detailed pieces of information on the nature of the
receptor—acetate interaction were obtained from 'H NMR
titration experiments.

Fig. 2 displays pertinent spectra obtained over the course of
the titration of a 1.0 x 102 M solution of R,R-1 in DMSO-
d¢ with acetate. On anion addition, a pronounced downfield
shift of all N-H protons was observed (limiting values J(N-
H.) = 12.3 ppm, 6/ppm = 3.0; 6(N-H,) = 9.0 ppm, 6/ppm =
2.6), which is indicative of the establishing of a genuine H-bond
interaction. Moreover, a distinct downfield shift of the C-H,
protons is also observed (6/ppm = 0.18), whereas C-H, protons
are not affected by acetate addition. In this connection, it must
be considered that hydrogen bond formation between the urea
subunit and the anion can induce two distinct effects on the

This journal is © The Royal Society of Chemistry 2005



5100'
B a0 2 15 £
40 T -
lT 8 60r <
- 2 11.0
£ — 8 40 ~ 3
G RN 2 ~. -
- 30k W 20 g S8 .
5 \ —_——
= o ; ‘ .
=] 1 2 3 4
x 20 eqv. CH3COO-
w
10
0 | |

300 350 400 450 500
wavelength, nm

Fig. 1 Family of spectra taken in the course of the titration of DMSO
1.5 x 10* M in R,R-1 with a standard solution of [Bu,N]JCH;COO,
at 25 °C. The titration profile in the inset, molar absorbance at
420 nm vs. equiv. of acetate, indicates the formation of a 1 : 1 adduct,
[1---CH;COQ]J, to which an association constant logK = 3.43 £ 0.03
corresponds (the profile refers to the titration performed on a 8.8 x
10~* M solution of R,R-1). The distribution diagram of the species
(% concentration, left side vertical axis) vs. equiv. of anion is also
reported in the inset (% concentration of species: a = 1, dashed line;
b =[1---CH;COQ], solid line).
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Fig. 2 Titration of a 10> M solution of R,R-1 in DMSO-d, with
CH;COO. The reported spectra were registered after the addition of 0
equiv. (a), 0.3 equiv. (b), 0.6 equiv. (c), 0.9 equiv. (d) and 1.5 equiv. (e) of
acetate.

aromatic substituents: (i) it increases the electron density in
the phenyl rings, with a through-bond propagation: this causes
a shielding effect and should induce an upfield shift of C-H
protons; (ii) it promotes the polarisation of the C—H bonds, via
a through-space effect: the partial positive charge created onto

the proton causes a de-shielding effect and induces a downfield
shift. The latter effect of electrostatic nature drastically decreases
on increasing the distance from the site of H-bond interaction.
The observed downfield shift of C-H, protons indicates the
predominance of the polarization effect. On the other hand,
in the case of C-H, protons, the polarization effect is smaller,
in view of the larger distance from the N-H fragment, and
is exactly compensated by the through-bond effect. Such an
evidence would indicate the formation of a complex of the type
whose structure is tentatively sketched in Scheme 1, in which the
two oxygen atoms of the CH;COO™ ion establish direct H-bond
interactions with the four urea N—H groups of 1. Notice that the
‘flat” drawing of the [R,R-1 - - - CH;COO]" structural formula in
Scheme 1 is a poor representation of the reality. In particular,
due to the trans arrangement of the substituents of the 1,2-
cyclohexane moiety, the two nitrophenyl-urea arms should lie
on distinctly different planes.

Scheme 1 Suggested structure of the [R,R-1---CH;COO]~ H-bond
complex.

On non-linear least-squares fitting of (N-H.) vs. CH;COO~
equiv., a similar value of logK for the association equilibrium
was calculated, which was affected by a larger standard deviation
(3.4+£0.2).

Formation of a 1: 1 complex was inferred from titration exper-
iments with benzoate, for which a logK value of 2.86 £ 0.02 was
determined. The lower stability of the [R,R-1--- C;H;COO]~
complex with respect to [R,R-1--- CH;COQ]" can be ascribed
to both the lower basicity of benzoate compared to acetate and
steric repulsive interactions between the phenyl ring of the anion
and the nitrophenyl substituents of the receptor.

Fig. 3 displays the UV-vis spectra recorded during the
titration of DMSO solution of R,R-1 with a standard solution
of [BuyN]H,PO,, at 25 °C. On dihydrogenphosphate addition,
a bathochromic shift of the charge transfer band at 350 nm is
detected, more pronounced than that observed for CH;COO~
(with H,PO,~, 2, = 370 nm; with CH;COO™, A, = 366 nm).
Titration data are consistent with the occurrence of the two
stepwise equilibria (2) and (3):

R,R-1 + H,PO,” = [R,R-1---H,PO,]- ©)

[R,R-1---H,PO,]- + H,PO,” = [R.R-1---(H,PO,).]~ (3)

On non-linear least-squares processing of titration data, the
following association constants were obtained: logK, = 2.96 +
0.02 and logK, = 3.46 £ 0.05. It is suggested that the 1 :
1 complex possesses the same structure and tetrafurcate H-
bonding arrangement hypothesized for acetate and sketched in
Scheme 1. The lower stability of [R,R-1--- H,PO,]~ compared
to [R,R-1---CH;COO]" reflects the lower basicity and H-
bond acceptor tendency of dihydrogenphosphate with respect
to acetate. As regards the 1 : 2 complex [R,R-1-- - (H,PO,),]*,
it is suggested that each [H,PO,]~ ion interacts with one of
the two urea subunits, giving bifurcate interaction. On this
basis, one would expect that the second stepwise equilibrium,
in which a tetrafurcate interaction is deleted and two bifurcated
interactions are established, is substantially disfavoured with
respect to the first one (neat formation of a tetrafurcate
interaction). Thus, the unusual finding that logK, is definitely
higher than logK, suggests the existence of a cooperativity effect,
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Fig. 3 Family of spectra taken in the course of the titration of
DMSO solution 1.5 x 10~ M in R,R-1 with a standard solution of
[Bu,NJH,PO,, at 25 °C. The titration profile in the inset is consistent with
the stepwise formation of the H-bond complexes [R,R-1--- H,PO,]~
and [R,R-1- - - (H,PO,),]*", to which the following association constants
correspond: logK, = 2.96 £+ 0.02 and logK, = 3.46 £ 0.05 (the profile
of molar absorbance at 420 nm vs. equiv. of anion refers to the titration
of a solution 9.5 x 107*M in R,R-1). The distribution diagram of the
species (% concentration, left side vertical axis) vs. equiv. of anion is also
reported in the inset (% concentration of species: a = R,R-1, solid line;
b =[R,R-1---H,PO,]", dashed line; ¢ = [R,R-1 - - - (H,PO,),]*", dotted
line).

whose nature can be hardly inferred from spectroscopic titration
data.

A good chance to clarify the nature of the R,R-1---H,PO,
interactions has been provided by crystallisation of colourless
crystals of a salt of formula [Bu,N],[R,R-1-(H,PO,),-[CH;CN],
obtained from an MeCN solution containing R,R-1 and an
excess of [Bu,N]JH,PO,, saturated with diethylether. Crystal size
was suitable for single crystal X-ray diffraction analysis and the
crystallographic study was performed.

The crystal structure is characterized by infinite dihydrogen-
phosphate chains along the « axis, similar with those observed
for alkylammonium salts of H,PO,~. ?3%3! In particular, each
H,PO,™ ion interacts with two adjacent H,PO,~ groups and one
R, R-1 receptor via H-bonds (see Fig. 4).

In solution, dihydrogenphosphate oligomers are probably
absent and the bis-urea receptor binds a hydrogen bonded

dihydrogenphospate dimer, forming the [R,R-1-- - (H,PO,),]*
anion shown in the ORTEP diagram in Fig. 5. It can be observed
that each H,PO,~ ion establishes two H-bond interaction
with one of the two urea subunits of the receptor. Moreover,
the two dihydrogenphosphate anions interact with each other
through two O-H - --O bonds, each anion behaving as both
an H-bond donor and an H-bond acceptor. It is therefore
suggested that the energy contribution from this inter-anionic
interaction is responsible for the extra-stability of the [R,R-
1---(H,PO,),}* complex in solution, thus accounting for the
observed cooperativity effect (logK, > logK,). Notice that
such an interanionic interaction cannot by established by the
CH;COO" ion, which, in fact, does not form any 1 : 2 complex
with R,R-1. Features of the X—H - - - O interactions (X = O, N)
in the crystalline complex are reported in Table 1.
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Fig. 5 An ORTEP view of the anionic H-bond complex [R,R-1---
[H,PO,],J*~ (thermal ellipsoid are drawn at the 30% probability level,
only H atoms involved in intermolecular hydrogen bonds are drawn,
two [BuyN]* ions and a CH;CN solvent molecule have been omitted
for clarity). Dashed lines indicate the hydrogen bond interactions in the
asymmetric unit.

Formation of H-bond complexes in DMSO solution is
confirmed by 'H NMR titration experiments: Fig. 6 shows
representative spectra taken in the course of the titration. The
downfield shift of N-H protons indicates the occurrence of an
H-bond interaction with the anion (limiting values 6(N-H,) =
11.8 ppm, 6/ppm = 2.5; 6(N-H,) = 9.0 ppm, 6/ppm = 1.5).

The pattern is similar to that observed in the case of acetate,
but the limiting values reached by the N-H urea protons are
noticeably lower, as expected in view of the lower basicity and

Fig. 4 A simplified sketch showing the [H,PO,]~ chain along the a axis and the H-bond motif of the [Bu,N],[R,R-1-(H,PO,),] crystal. [Bu,N]* ions

have been omitted for clarity.

Org. Biomol. Chem., 2005, 3, 2632-2639




Table 1

Features of the H-bond interactions in the [R,R-1 - - - [H,PO,],}*~ complex (X = N, O)

Donor group D---A/A H---0/A X-H---0/° Acceptor atom
N(1)-H(IN) 3.03(1) 2.19(1) 166.3(6) o7
N(2)-H(2N) 2.84(1) 1.98(1) 174.4(5) 08
N(4)-H(4N) 2.87(1) 2.06(1) 156.6(6) Ol11
N(5)-H(5N) 2.85(1) 1.99(1) 179.4(5) 012
O(10)-H(100) 2.52(1) 1.62(3) 159.0(24) 014
O(11)-H(110) 2.53(1) 1.63(3) 156.6(31) o7
0(9)-H(90) 2.64(1) 1.72(5) 163.4(45) O(12)°
O(13)-H(130) 2.59(1) 1.79(5) 140.0(23) o8y

Symmetry code:*=x+ 1/2, =y + 1/2, —z+ 2; b =x - 1/2, -y + 1/2, -z + 2
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Fig. 6 Titration of a 1.0 x 1072 M solution of R,R-1 in DMSO-d, with
[H,PO,] . The reported spectra were registered after the addition of 0
equiv. (a), 0.4 equiv. (b), 1.2 equiv. (c), 1.8 equiv. (d), 2.7 equiv. (e), 4.2
equiv. (f) of [H,PO,]".

H-bond acceptor tendency of dihydrogenphosphate. Moreover,
it has to be noted that, in the 1 : 2 adduct with H,PO,", the
negative charge of each anion is not only addressed to the
H-bond with the receptor, but also to the interaction with the
other bound dihydrogenphosphate ion, as shown in the X-ray
structure. Due to the polarization effect, C—-H, protons undergo
a downfield shift to the same extent as observed in the titration
with acetate (0/ppm = 0.18). On the other hand, a slight but def-
inite upfield shift of C-H protons is observed. This indicates the
occurrence of a through-bond propagation of negative charge on
the phenyl ring. Notice that, in spite of the different H-bonding
arrangement, differentiating the spectroscopic behaviour of the
1:1and 1 :2 complexes is not straightforward and no clear
discontinuity is observed on moving from the first to the second
added equiv. of dihydrogenphosphate. This is due to the fact
that logK, > logK,, which makes the [R,R-1---(H,PO,),]*

complex form early in the titration (well before 1 equiv. addition),
and coexist with the [R,R-1- - - (H,PO,)]” species (indeed, this is
clearly shown in the concentration distribution diagram in the
inset of Fig. 3). Due to the relatively high concentration of the
receptor (67-fold higher than in spectrophotometric titration
experiments), plots of (N-H.) and d(N-H,) vs. H,PO,™ equiv.
showed steep saturation profiles, which prevented from a safe
determination of association constants.

The affinity of receptor R,R-1 towards a pair of phosphate
ions prompted us to the investigation of its interaction with
pyrophosphate. Fig. 7 shows the family of UV-vis spectra taken
over the course of the titration of a DMSO solution of R,R-1
(5.4 x 10*M) with [Bu,N];HP,0;, at 25 °C.
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Fig. 7 Family of spectra taken over the course of the titration of
DMSO solution 5.4 x 10™*M in R,R-1 with a standard solution of
[Buy;N];HP,O,, at 25 °C. The titration profile in the inset indicates the
formation of the 1 : 1 H-bond complex [R,R-1 - - - HP,O;]*~, to which the
following association constant corresponds: logK = 4.63 & 0.03. The
distribution diagram of the species (% concentration, left side vertical
axis) vs. equiv. of anion is superimposed (% concentration of species:
a = R,R-1, dashed line; b = [R,R-1- - - HP,O;]*~, solid line).

The titration profile, shown in the inset of Fig. 7, clearly
indicates the formation of a stable 1 : 1 H-bond complex,
for which an association constant logK = 4.63 + 0.03 was
calculated.

On "H NMR titration with HP,O,*~ of a 102 M solution of
R,R-1 in DMSO-d, with, at 25 °C, broad and poorly resolved
signals were obtained, which indicates the formation of a rather
rigid complex. On increasing temperature to 70 °C, a clearer
pattern was obtained, which is shown in Fig. 8.

On hydrogenpyrophosphate addition, signals of N-H protons
disappeared, probably due to temperature enhanced proton
exchange. Then, downfield shift of C-H, protons and upfield
shift of C-H, protons were observed, the effects being more
pronounced than for the formation of the [(R,R)-1 - - - (H,PO,)]
complex. This suggests the establishment of stronger H-bond
interaction, which may be due both to an especially favourable
geometrical complementarity between the receptor and the
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Fig. 8 Spectra recorded over the course of the titration of a 1.0 x
1072 M solution of R,R-1 in DMSO-d, with HP,O,*", at 70 °C. The
reported spectra were registered after the addition of 0 equiv. (a), 0.5
equiv. (b), 1.0 equiv. (c) of HP,O,*".

anionic substrate and to the higher negative charge detained
by HP,O;*", with respect to the two H,PO,~ ions.

The same spectrophotometric titration experiments were
carried out on the S,S-1 receptor. Values of the association con-
stants of the complexes formed with CH;COO~, C;H;COO~,
H,PO,~, HP,0O,*", obtained through non-linear least-squares
treatment of titration data, are reported in Table 2. Values
are coincident with those obtained for the R,R-1 receptor, as
expected in view of the achiral nature of the investigated anions.

Chiral anions: D-2,3-diphosphoglycerate

Differences in recognition properties of R,R-1 and S,S-1 enan-
tiomers should be detected in presence of a chiral anion. Thus,
in view of the observed affinity of 1 towards diphosphates, we
considered the biologically relevant D-2,3-diphosphoglycerate
anion, 2, which contains two ~OPO,*~ groups and one -COO~.
2 is a glycolytic intermediate, resulting from the interconversion
between D-1,3-diphosphoglycerate and D-3-phosphoglycerate
catalyzed by phosphoglycerate mutase.’> Moreover, 2 is an
allosteric effector, which regulates the oxygenation level of
haemoglobin. As a matter of fact, in physiological conditions,
the D-2,3-diphosphoglycerate is present in human erythrocytes
at approximately the same concentration as haemoglobin and
regulates the oxygen binding activity of the protein, by binding

preferentially to its deoxygenated form.*3* A metal containing
achiral synthetic receptor for 2,3-diphosphoglycerate, display-
ing a high selectivity in water, has been recently reported.
Such a receptor is capable of depriving haemoglobin of 2,3-
diphosphoglycerate, thus indirectly controlling the oxygenation
level of the protein.

304P0 OPO5*

‘00C H
2

The problem we faced first in this study was the low solubility
of the sodium salts of 2 in DMSO and other commonly used
organic aprotic solvents. Attempts to prepare tetraalkylam-
monium salts failed, giving in any case unrecoverable oils.
Fortunately, the cyclohexylammonium salt of 2 ((RNH;];X) is
commercially available, displaying an acceptable solubility in
DMSO (up to 3 x 10*M). Then, a DMSO solution of [RNH;]sX
(10-*M) was titrated with a standard DMSO solution of 1, either
R,Ror S,S. The absorbance data (at the wavelengths for which
the molar absorbance of the adduct was higher than the molar
absorbance of 1, i.e. from 418 to 430 nm) were plotted against
the receptor equivalents, as shown in Fig. 9.

020
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Fig. 9 Plots of absorbance at 415 nm vs. molar concentration of
receptor (S,S-1, open symbols; R,R-1, filled symbols). The titrations
were performed under identical conditions, by adding aliquots of a
standard solution of 1 (0.05 M, in DMSO) to a 3 x 10~*M solution
of 2 in DMSO (path length: 0.1 cm). Solid lines were obtained through
non-linear least-squares treatment of titration data.

For both R,R-1 and S,S-1, a smooth curvature of the plot
was observed. However, the steeper curvature of the pertinent
plot (V symbols in Fig. 9) clearly indicated that the S,S receptor
forms a more stable complex with X~ than the R,R analogue
(A symbols). On non-linear least-squares fitting of the two plots
the following logK values for the formation of the 1 : 1 complex
were calculated: R,R-1,2.52 £0.02; S,S-1, 2.87 4+ 0.05. The low
values of the stability constants compared to those determined
for pyrophosphate could be explained as a result of steric

Table 2 LogK values for the interaction equilibria of the two enantiomers R,R-1 and S,S-1 with achiral anions in DMSO at 25 °C,

spectrophotometrically determined. Values in parentheses correspond to the

standard deviation on the last significant figure

Anion Equilibrium R,R-1 S,S-1
CH;COO~ 1+ CH;COO™ =[1---CH;COO]" 3.38(3) 3.37(5)
C,H;COO- 1+ CH;COO™ =[1---C,H;COO]" 2.86(2) 2.89(3)
H,PO,~ 1+ H,PO,~ =[1---H,PO,]” 2.96(2) 2.93(5)
[1---H,PO,]” + H,PO, - =[1---(H,PO,),]* 3.46(5) 3.40(9)
HP,O,* 1+ HP,0;* =[1-..- HP,O,]*- 4.63(3) 4.66(3)
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and electrostatic repulsive effects. In particular, the distance
between the phosphate groups in the 2,3-diphosphoglycerate
anion is considerably larger than in pyrophosphate, which may
force the receptor to deviate from its relaxed and energetically
favored conformation. Furthermore, the cyclohexylammonium
counterions might compete in solution with the receptor for
the anion, thus reducing the value of the association constants.
In any case, the neat difference of 0.35 between the measured
logK values is well beyond the values of standard deviations
and expresses the differential affinity, of chiral origin, of S,S-1
towards D-2,3-diphosphoglycerate, with respect to R,R-1.
Then, '"H NMR and P NMR studies were carried out, in
order to obtain structural details on the two diastereomeric
complexes in solution. In particular, in each experiment, an
excess of 2 (7 : 1 molar ratio) was added as a solid to a 102 M
suspension of 1 in DMSO-d,, either R,R or S,S enantiomer.
The obtained mixture was sonicated and filtered (in order to
enhance solubility, spectra were all registered at 70 °C); then,
the concentration of 2 compared to 1 could be determined
from the integral ratio in the '"H NMR spectrum. With both
R,R-1 and S,S-1, the calculated amount of 2 in solution was
below the equivalence, due to the low solubility of the anion
in DMSO. As an interesting result, a different solubility of 2
was observed in the presence of the two enantiomeric hosts. In
particular, in presence of R,R-1, the concentration of the anion
was 60% of that of the receptor, and 80% in presence of S,S-
1. The different solubility of 2 in the presence of the receptor
confirms the different stability of the diastereomeric complexes.
In Fig. 10, the 'H NMR signals of R,R-1 and S,S-1 are
reported. Spectral differences (spectrum a: R,R complex; b: S,S
complex) mainly refer to the chemical shifts of N-H protons,
as directly involved in the H-bond. In particular, N-H protons

HI HD
H
<
10’ 0 9:3 ppn
H

M

Fig. 10 '"H NMR spectra recorded at 70 °C on a 107>M solution of
R,R-1 (spectrum a) and S,S-1 (spectrum b), in the presence of 2 in
DMSO-d;. In the reported range of ppm, only the signals of 1 are
shown.

are more downfield shifted in the presence of S,S-1 (limiting
value 6(N-H,) = 9.6 ppm; J/ppm = 0.5, compared to the
uncomplexed receptor) than in the presence of R,R-1 (6(N-H.) =
9.5 ppm; 6/ppm = 0.4). This behaviour can be associated to the
larger amount in solution of the complexed S, receptor. Useful
pieces of information were obtained from the '"H NMR and 3'P
NMR spectra of anion 2 (Fig. 11 and 12, respectively). Since the
concentration of 2 was lower than that of 1, the anion in solution
could be considered as completely bound to the receptor.

JQPO OPO_‘}
H ¢
! .H1 HZa
Hza HZb
H
)
a
b AJ[\\'JU‘NV
c
T 406 4.5 4.4 43 4.2 40 4.0 3.9 3.8 Ppm]
Fig. 11 'H NMR spectra recorded in DMSO-d; at 70 °C, on a solution

of D-2,3-diphosphoglycerate alone (spectrum a); in the presence of
(R,R)-1 (b); in the presence of (S,5)-1 (c).

+0,F0 OFO*  p! p2

S\

A,

~11 0 A}l 5 ~12 0 A12 5

Fig. 12 *'P NMR spectra recorded in DMSO-d; at 70 °C, on a solution
of D-2,3-diphosphoglycerate: alone (spectrum a); in the presence of
R,R-1 (b); in the presence of S,S-1 (c).

As regards "H NMR spectra (Fig. 11), the main difference
between the two complexes is observed in the chemical shift
of proton H, (compare spectra b and c¢). Notice that H,
belongs to the chiral centre and must be particularly sensitive
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to the diastereotopic environment of the complex. In the *'P
NMR spectra too, the difference between the complexes relies
mostly on the phosphorus bound to the chiral center (P,
in Fig. 12). In particular, it is observed that, in both 'H
NMR and *'P NMR spectra, the R,R-1 complex shows larger
shifts of the D-2,3-diphosphoglycerate signals than the S,S-1
analogue. This could be attributed to the fact that, in complex
formation, the R,R receptor undergoes a more endoergonic
conformational rearrangement, which is consistent with the
lower value of the association constant. It has also to be
noticed that complexation induced only little variations on
the chemical shifts of the D-2,3-diphosphoglycerate protons.
Actually, these protons are too far from the sites of interaction
with the receptor and are principally influenced by the structural
rearrangement of 2, which accompanies the complexation. In
conclusion, NMR studies indicated that the two diastereomeric
complexes, characterized by different stability constants, possess
distinctly different structures in solution. In particular, the "H
and *'P NMR spectra showed that significant, and presumably
endoergonic, rearrangements of both receptor and anion take
place in the formation of the less stable complex, [R,R-1 - - - X]~.

Conclusion

The effect of the chiral trans-1,2-cyclohexane subunit on the
enantiselective recognition of anions by neutral receptors has
been investigated. In particular, on appending two urea contain-
ing arms to either the R,R or S,S enantiomeric form of trans-1,2-
cyclohexane, two chiral receptors for difunctional anions were
obtained. Enantioselective tendencies of R,R and S,S receptors
were tested toward the biologically relevant chiral anion D-
2,3-diphosphoglycerate. This may appear as a counterintuitive
approach, since the usual procedure consists of designing one
given chiral receptor and testing its recognition properties on
pairs of enantiomeric substrates. In any case, this study has
demonstrated that a chiral discriminating effect exists, even if
not spectacular, for the envisaged receptors, which corresponds
to a difference of 0.35 log units in binding constants (and
of 2.0 kJ mol™ in binding energies). It has to be noted
that previously investigated cyclic polyammonium receptors,
incorporating one or two frans-cyclohexane subunits, were
able to discriminate pairs of enantiomeric anions with AlogK
varying from 0.1 to 0.6 (for 1 : 1 complexes).”® Chiral selectivity
has an essentially steric nature and affects only indirectly the
main receptor-substrate interaction. Such a steric influence
increases on decreasing the distance between steric interaction
sites and in particular that between the chiral centres in host
and guest. Moreover, chiral selectivity is expected to increase on
increasing the rigidity of receptor’s framework and introducing
steric constraints onto it. In this sense, receptor 1 could be
considered a convenient base for the development of efficient
neutral enantioselective receptors for chiral anions.

Experimental
General procedures and materials

All reagents for syntheses were purchased from Aldrich/Fluka
and used without further purification. UV-Vis spectra were
recorded on a Varian CARY 100 spectrophotometer, with a
quartz cuvette (path length: 1 or 0.1 cm). The cell holder
was thermostatted at 25.0 °C, through circulating water. '"H
NMR spectra were obtained on a Bruker AVANCE400 spec-
trometer (400 MHz), operating at 9.37 T. Spectrophotometric
titrations were performed on 10~*-10~* M solutions of 1 in
DMSO (polarographic grade). Typically, aliquots of a fresh
alkyl-ammonium salt standard solution of the envisaged anion
(CH;COO-, C4H;COO-, H,PO,~, HP,0,*") were added to the
solution of 1, whose UV-vis spectra were recorded. Because of
the low solubility of the alkyl-ammonium D-2,3-diphosphonate-
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butyrate salt in DMSO, the titration were performed by adding
aliquots of a standard solution of 1 in DMSO to a 10* M
solution of the anion in the same solvent. All spectrophotometric
titration curves were fitted with the HYPERQUAD program.*
Care was taken that in each titration the p parameter (p =
[concentration of complex]/[maximum possible concentration
of complex]) was lower than 0.8, a condition required for the
safe determination of a reliable equilibrium constant.®* '"H NMR
titrations were carried out on DMSO-d, solutions, at 1073~
1072 M concentration of the receptor. *'P NMR spectra were
carried out on DMSO-d; solutions containing [Bu,N]PF as an
internal reference.

Synthesis of 1,1-(4-nitrophenyl)-3-{2-[3-(4-
nitrophenyl)ureido]cyclohexyl }urea (1)

4-Nitrophenylisocyanate (0.64 g, 3.90 mmol) was added to a
solution of R,R-cyclohexane-1,2-diamine (0.022 g, 1.63 mmol)
in CHCI; (50 mL), in a round flask filled with argon. The
mixture was refluxed under magnetic stirring for 4 h, then was
left stirring at room temperature for further 12 h. During the
reaction, the yellow 4-nitrophenylisocyanate slowly dissolved
and a white precipitate formed. The product was collected by
filtration, washed with water (3 x 7 mL) and dried in vacuo
(0.57 g; yield: 80%). C,Hy,N4O4 (442.4 g mol™'). '"H NMR
(DMSO-d,, 0y /ppm):6 =9.3(1H,s,NH.),8.1 2H,d, CH,), 7.6
(2H, d, CH,), 6.4 (1H, d, NH,), 3.5 (1H, br s, -CH,CH,CH-
N), 2.0 and 1.8 (2H, 2 br s, -CH,CH,CHN), 1.5 (2H, br s,
—-CH,CH,CHN). IR (nujol mull), cm™": 1741 (C=0); 1577
W(N-0); 1461 v,(NO,); 1301 v,(NO,); 3365, 3339 v,,, v,(N-H),
1498, 1249 ¢, 6,(N-H). The synthesis of the S,S receptor was
performed as described for the R,R enantiomer. In particular,
from 0.64 g of 4-nitrophenylisocyanate (3.90 mmol) and 0.022 g
of S,S-cyclohexane-1,2-diamine (0.163 mmol), 0.54 g of white
and pure product were obtained (yield: 75%). The '"H NMR
(in DMSO-d;) and the IR spectra were identical to the ones
recorded for R,R.

X-Ray crystallographic studiest

Diffraction data were collected at room temperature by
means of an Enraf-Nonius CAD4 four circle diffractome-
ter, working with graphite-monochromatized Mo Ka X-
radiation (A = 0.71073 A). Crystal data for the [Bu,N],[R,R-
1-.(H,PO,),-[CH;CN] salt: CyH;,N,O,,P,; M 1162.38; pale
yellow colour; orthorhombic, P2,2,2, (no. 19); a 17.059(3) A b
19.498(5) A, ¢ 19.657(3) A, V 6538(2) A%; Z 4; peyea 1.181 gem™;
u Mo Ka 0.131 mm™'; 8008 measured reflections, 7590 unique
reflections (R, 0.0456), 3662 strong reflections [I, > 2a(1,)];
R1 and wR2 (strong data) 0.0771 and 0.1864; R1 and wR2 (all
data) 0.1662 and 0.2367. Flack parameter 0.17(26). Data re-
ductions (including intensity integration, background, Lorentz,
and polarization corrections) were performed with the WinGX
package.® Absorption effects were evaluated with the w-scan
method,* and absorption correction was applied to the data
(0.919 and 0.943 min and max transmission factor). The crystal
structure was solved by direct methods (SIR 97)* and refined by
full-matrix least-squares procedures on F* using all reflections
(SHELXL 97).* Anisotropic displacement parameters were
refined for all nonhydrogen atoms. Hydrogens belonging to the
organic moieties were placed at calculated positions with the
appropriate AFIX instructions and refined using a riding model.
Hydrogens of the H,PO, groups were located in the AF map and
their position refined with soft geometrical restraints on the O—
H distance and on the P-O-H angle.

+ CCDC reference numbers 268368. See http://www.rsc.org/suppdata/
0ob/b5/b504931h/ for crystallographic data in CIF or other electronic
format.
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