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Interest in the complexation of anionic species continues to attract the at-
tention of the chemistry community as witnessed by numerous reviews
published recently1. The importance of anions in biological systems is well
recognized2, and the same is true for the role of anions in chemical pro-
cesses and environmental pollution. Given their importance, there has ob-
viously been much effort expended in the design of anion-complexing
ligands. The main strategies have traditionally focused on cationic, poly-
ammonium, guanidinium, quaternary ammonium, porphyrin-based lig-
ands, and a number of Lewis acids containing ligands. Neutral organic
ligands that bind anions via favourable hydrogen bonding have also been
studied1,3 by several groups and also in our laboratory4. Our attention has
been concentrated on simple aromatic and heteroaromatic amides as well
as calixarene-based ligands5. We have developed theoretical methods for
the prediction of bromide anion-binding ability of simple aromatic
amides6. We have also found that these simple amides are able to act
co-operatively. Triamides derived from tren (tris(2-aminoethyl)amine) and
both pentafluorobenzoic and isonicotinic acids have been found to com-
plex hydrogensulfate and dihydrogenphosphate with nice selectivity5. That
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is why we aimed to extend our studies to chiral, preferably aromatic
scaffolds where several aromatic amides or ureas could bind anion co-
operatively. Obviously, calix[n]arene and axially chiral 1,1′-binaphthalene
molecular scaffolds were assumed to fulfil the purpose. While a number of
calixarene-based ligands for anion binding has already been published and
the calixarene literature is abundant7,8, much less is known on application
of axially chiral aromatic skeletons to anion recognition9 despite the fact
that 1,1′-binaphthalene-2,2′-diamine is commercially available in both
enantiomerically pure forms. Consequently, we report here on easily ac-
cessible new chiral neutral ligands based on chiral 1,1′-binaphthalene-2,2′-
diamine.

RESULTS AND DISCUSSION

Synthesis

Syntheses of ligands were straightforward using acylation with acid chlo-
rides or isocyanates under standard conditions. Surprisingly, the racemic
1,1′-binaphthalene-2,2′-diamine is not commercially available and has to
be prepared according literature procedures. In our hands, the superior
preparation was that based on Myiano’s published procedure10. The main
point is the product purity as the crude product is accompanied by starting
2-naphthylamine which has to be washed out by thorough extraction of
crude product with hot water. Racemic ligands 1–3 have been prepared in
good to excellent yields using a standard acylation procedure in the pres-

ence of triethylamine with the only exception of the reaction with
perfluorobenzoyl chloride. The “normal” amide 3 can only be obtained
when acylation is performed at –78 °C. The same reaction at ambient tem-
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perature has furnished tetraacyldiamine 4 (Scheme 1) that has been fully
characterized including single-crystal X-ray analysis (Fig. 1).

Having these amides, we have performed the preliminary NMR titration
experiments with bromide anion in CDCl3. No change of ligand spectra
(1–3) has been observed going from pure ligand to a ten-fold excess of cor-
responding Bu4N+ salt. On the other hand, it is known3 that urea functions
usually exhibit stronger complexation abilities towards anions if compared
with the corresponding amides. Consequently, we have prepared a series of
ureas 5–8 from both racemic and optically pure diamine and commercially
available isocyanates.

We have found that racemic ligands are much less soluble than optically
pure ones. Whereas DMSO was found to be the only solvent where concen-
tration of racemic ligands 5 × 10–4 mol l–1 can be attained, the optically
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FIG. 1
ORTEP view11 of crystal structure of 4 (thermal ellipsoids are drawn with 50% probability)



pure ligands are soluble in chloroform. As the stability of complexes formed
with anion in DMSO are too low to be measured using NMR titration, only
optically pure compounds have been used and the complexation studies
were performed in CDCl3. The ligand (R)-5 was found to be superior to all
the compounds prepared and was used throughout the study.

Complexation

It is a well-known fact12 that substituted ureas spontaneously associate in
non-competitive solvents. That is why a dilution experiment with (R)-5 has
been performed prior to stability constant measurement. The NMR spec-
trum of this ligand was found to remain unchanged (within ±1 Hz) at a
concentration below 10–3 mol l–1 in CDCl3. Consequently, all measure-
ments have been made with concentration of the (R)-5 ligand about
5 × 10–4 mol l–1 or lower where the influence of self-association of the free
ligand can be neglected.

To test the complexation ability of the (R)-5 ligand, a preliminary screen-
ing was carried out with several anions representing different geometry.
Hence, the spherical bromide, planar nitrate and acetate, and the tetrahe-
dral dihydrogenphosphate were used with tetrabutylammonium counter-
cations. Using a conventional 1H NMR titration experiment only the 1:1
stoichiometry (ligand:anion) was found. As shown in Fig. 2, the interaction
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FIG. 2
NMR titration experiment: a free (R)-5, b (R)-5 in the presence of 10 equivalents of tetra-
butylammonium bromide in CDCl3
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of (R)-5 ligand with Br– leads to large complexation-induced chemical shifts
(CIS) of both NH, and ortho-phenyl protons. The association constants ob-
tained by a non-linear regression analysis are summarized in Table I.

To gain deeper insight into the binding phenomenon, the complex of
(R)-5 with tetrabutylammonium acetate was studied in CD2Cl2 solution us-
ing a 500 MHz NMR spectrometer. The assignment of all signals (free ligand
versus ligand in the presence of 15 equivalents of Bu4NAc) allowed us to de-
termine the corresponding complexation induced chemical shifts (Table II).

As evidenced by large CIS values (CIS[13] = +1955 Hz, CIS[11] = +830 Hz),
both NH groups in urea functions are engaged in the complexation of an-
ion via the hydrogen bonding interactions. On the other hand, the remark-
able difference in the NH shifts proves that the contribution of NH group in
position 13 (CIS = 3.91 ppm) is much larger than that in position 11 (CIS =
1.66 ppm). Interestingly, the relatively high CIS value for ortho-hydrogens
15 (CIS[15] = 0.44 ppm) indicates that these hydrogens are presumably also
engaged in the complexation exhibiting the C–H···anion interactions. At the
same time, the signal of acetate is shifted upfield in the presence of (R)-5.

Encouraged by these results, we have decided to examine the ability of
(R)-5 to interact with chiral carboxylates13. Using conventional 1H NMR ti-
tration experiment both L- and D-lactate have been found to form complexes
with approximately the same stability constant 13400 ± 3500 l mol–1. As
the additional π–π interactions can be envisaged in aromatic carboxylates,
we have focused our attention to the (R)- and (S)-mandelates. The NMR ti-
tration experiments proved the formation of the complexes with very high
stability constants, in fact too stable to be reliably studied by NMR (the esti-
mated stability constant in CDCl3 > 105 l mol–1). On the other hand, the
CIS in DMSO-d6 were negligible, showing thus the crucial role of hydrogen
bonding in the complexation phenomenon. Unfortunately, our attempts to
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TABLE I
Association constants (in l mol–1) of complexes of (R)-5 with anions of tetrabutylammonium
salts in CDCl3

Anion Association constant

Bromide 3360 ± 450

Nitrate 2780 ± 380

Dihydrogenphosphate 1110 ± 180

Acetate 36 500 ± 8800



use UV/VIS spectroscopy in the complexation study of mandelates (CHCl3)
were also unsuccessful as no substantial changes in UV/VIS spectra were ob-
served during the titration experiments.

The chiral recognition of mandelates with (R)-5 was studied using simple
extraction experiments where a chloroform solution of ligand (c = 0.01 mol l–1,
1 ml) was stirred intensively (1100 rpm) with an aqueous solution of
Bu4N+(RS)-mandelate (c = 0.01 mol l–1, 1 ml) for 1 h. The mandelates re-
maining in the aqueous phase after extraction were monitored by HPLC on
chiral column (Chiralcel OD-H, isopropanol:hexane:TFA = 1:4:trace). The
integration of the corresponding peaks in chromatogram revealed that the
(R)-mandelate is better extracted than (S)-mandelate (S:R = 4:6) while there
were no enantioselectivity in the “background experiment” where no li-
gand was used in the organic layer. This experiment revealed, that the (R)-5
ligand can be used in the recognition and complexation of chiral anions.

To specify the stoichiometry of complexes formed by the (R)-5 ligand
with anions, and with chiral carboxylates in particular, we have performed
an extraction study (D2O/CDCl3) of anions using (R)-5 ligand. The progress
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TABLE II
1H NMR chemical shifts (500 MHz) for (R)-5 both free and complexed (15-fold excess of
Bu4NAc) in CD2Cl2 and CIS values

Position
Free ligand

δ, Hz
Complexed liganda

δ, Hz
∆δ, Hz

3 4001 3994 –7

4 4057 4031 –26

5 3952 3958 +6

6 3725 3701 –24

7 3616 3611 –5

8 3504 3520 +16

11 3463 4293 +830

13 3746 5701 +1955

15 3798 4017 +219

17 3707 3669 –38

a 15 equivalents of Bu4NAc added.
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of extraction was monitored by 1H NMR spectroscopy using the well re-
solved singlet of four ortho-hydrogens of 3,5-bis(trifluoromethyl)phenyl
groups (around δ 7.73). Two procedures have been chosen to describe the
complexation involved. Firstly, the downfield shifts of ortho-protons caused
by the complexation of anions were plotted against Cg/Ch where Cg is the
concentration of anion in aqueous phase and Ch is the concentration of
(R)-5 ligand in organic phase. The curves obtained were used to evaluate
the extractability of anions by the ligand (R)-5 (Fig. 3). While the benzoate
clearly corresponds to the formation of 1:1 complex, the stoichiometry of
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FIG. 3
Plot of the observed shift of ortho-proton, ∆δ, against Cg/Ch (Ch, concentration of ligand in
CDCl3 phase; for other symbols, see Symbols). a Benzoate (�), (S)-lactate (�); b acetate (�),
(RS)-mandelate (�)
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other complexes shown in Fig. 3 is less obvious. Presumably, more than 1:1
stoichiometry is involved in the complexation.

Secondly, a log–log plot14 (see Experimental) was constructed and results
are summarized in Figs 4 and 5. Both Kex and the complex stoichiometry
under saturation conditions can be evaluated using this method.
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FIG. 5
Log–log plot14 of extraction data for lactates and mandelates using (R)-5. For definition of
symbols, see Symbols. Anions: (RS)-mandelate (�), (S)-mandelate (�), (R)-mandelate (�),
(R)-lactate (-), (RS)-lactate (–), (S)-lactate (�)

FIG. 4
Log–log analysis14 of extraction data for achiral anions (Ch, concentration of ligand in CDCl3
phase; for other symbols, see Symbols). Anions: bromide (�), acetate (�), benzoate (�)
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The following important conclusions can be drawn from these data. Both
bromide and benzoate have been found to form 1:1 complexes under all
the conditions used. Acetate gave less clear results. The ligand:anion stoi-
chiometry 1:2 seems to be more probable, but it is evident that saturation is
achieved at a very high excess of anion and the complexation is likely to
proceed in two steps. Unfortunately, an accurate evaluation of the first-step
complexation data cannot be achieved due to simultaneous saturation of
both 1:1 and 1:2 complexes. The ∆δ of ortho-protons slightly increased go-
ing from bromide to acetate (0.315 to 0.334 ppm in water-saturated chloro-
form), which is in accordance with the data in Table I. The upfield ∆δ for
protons in positions 3, 4, and 6 of the binaphthalene skeleton are higher
going from bromide to acetate. It can be interpreted as two-point bind-
ing of acetate to one urea unit in contrast to bromide where anion is co-
operatively bound in the cleft formed by both units. More precise stability
constants for acetate and benzoate in water-saturated chloroform could not
be obtained due to overlap of ortho-protons with protons in positions 3, 4,
and 6 in 300 MHz 1H NMR spectra. Going from acetate to benzoate the up-
field shift increases while binding of one benzoate anion resulted in a
higher ∆δ of proton 15 than the binding of two acetate anions. Taking into
account the 1:1 stoichiometry and the increased efficiency of benzoate ex-
traction it can be proposed that the efficient benzoate complexation occurs
via four-point cleft-like binding of benzoate anion with all four N–H groups
of both ureas of the ligand and aromatic stacking interaction of the benzo-
ate with bis(trifluoromethyl)phenyl moieties. This is in line with the in-
creased value of the ∆δ.

Extractions of lactates are similar to those of acetate. Complexation also
appears to be stepwise with a 1:2 stoichiometry under saturated conditions
(Fig. 3). The log–log plots for both lactates and benzoates are shown in
Fig. 4. The presence of hydroxy group does not result in a more efficient
complexation, but in predominant complexation of (R)-lactate with a rather
high KR/KS ratio being nearly 4 (see Table III), which is in strong contradic-
tion with the two-point binding via carboxylate oxygens. The analysis of
spectra of both the complexes indicate that the binding of (R)-lactate re-
sults in higher up-field shifts of binaphthalene protons, while the ∆δ of pro-
ton 15 is lower than that of (S)-lactate. It is therefore possible to propose,
that (R)-lactate is predominantly bound via its carboxylate oxygen to
13-NH groups and lactate hydroxyl with 11-NH groups while (S)-lactate is
likely to be bound inversely. It is important to stress that both binding sites
of (R)-5 behave in the same way.
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Both the stability constants Kex and CIS values of the racemic lactate have
been found to lie between those for R and S isomers (Table III).

It is also apparent that both lactates and mandelates are complexed with
a very similar stoichiometry, different from those of bromide and benzoate
(1:1) and very close to that of acetate (stepwise 1:1 and 1:2). A comparison
of extraction data for lactate and mandelate should also reveal the effect of
aromatic host–guest interactions on the complex formation. From practical
point of view, due to the presence of aromatic rings, the extraction can be
monitored by combination of NMR (in chloroform solution) and UV spec-
tra (aqueous phase). According to the NMR data, the extraction of mande-
lates results in both the downfield shift of proton 15 and the upfield shift
of protons 3, 4, and 6. The analysis of ∆δ data by log–log plot (Fig. 5) indi-
cates that mandelates form complexes with much higher stability com-
pared with lactate. But the ∆δ values of proton 15 are lower for all mande-
late measurements than those for acetate and lactate (Table III). Even more
interestingly, the ∆δ value is the highest for S isomer, decreasing in the fol-
lowing order S > RS > R, while the complexation constants decrease in the
order RS > S > R (Table III). It is rather unexpected that going from lactate to
mandelate, following profound changes have been found: (i) inversion of
enantioselectivity; (ii) decrease in enantioselectivity (Kex

R/Kex
S is nearly 4

for lactate, while Kex
S/Kex

R is 1.3 for mandelate); (iii) stability of complexes
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TABLE III
Extraction data for (R)-5 anion from water to chloroform monitored by 1H NMR spectra

Anion
Ligand:anion
stoichiometry

log Kex CIS, ppm

Benzoate 1:1 3.60 ± 0.1a 0.402

Bromide 1:1 2.40 ± 0.05a 0.316

Acetate 1:2 4.10 ± 0.08b 0.334

(R)-Lactate 1:2 4.60 ± 0.07b 0.305

(S)-Lactate 1:2 3.96 ± 0.06b 0.346

(RS)-Lactate 1:2 4.36 ± 0.05b 0.315

(S)-Mandelate 1:2 6.5 ± 0.1b 0.273

(R)-Mandelate 1:2 6.4 ± 0.1b 0.236

(RS)-Mandelate 1:2 6.7 ± 0.1b 0.250

a Complexation constant Kex (in l mol–1) for 1:1 complexation process. b The overall
complexation constant (in l2 mol–2) for 1:2 stoichiometry.



formed (1:2 stoichiometry) are increasing in the order R < S < RS for
mandelates, while the order for lactate is R > RS > S.

In order to better understand what is going on with mandelates, we have
followed their extraction with (R)-5 under the conditions of 1:1 binding
(i.e. molar excess of ligand (R)-5 to mandelates) as a function of the ligand:
anion ratio. The extraction of mandelates was studied by UV-VIS in the
concentration region 0.0022–0.012 mol l–1, while the concentration of (R)-5
in organic phase (Ch) was kept unchanged at 0.009 mol l–1. The depend-
ences of extraction extent (evaluated as E = [Mand]/CMand, where [Mand] is
equilibrium concentration of mandelate in aqueous phase, CMand is initial
concentration) on the CMand were measured. The data obtained are summa-
rized in Table IV.
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TABLE IV
Extractiona of mandelates as a function of the (R)-5:mandelate ratio followed by UV/VIS
spectrometry

Anion CMand
b, mol l–1 [Mand]c, mol l–1 Kex

d, l mol–1

(S)-Mandelate 0.002064 0.00139 170

0.003096 0.002094 183

0.004128 0.002823 200

0.00516 0.003602 209

0.00619 0.00443 217

0.00722 0.005313 210

(R)-Mandelate 0.00337 0.00245 143

0.00510 0.0035 183

0.00683 0.00513 173

0.00816 0.00620 178

0.00874 0.00690 168

(RS)-Mandelate 0.0027 0.0023 154

0.00338 0.0019 186

0.0047 0.00315 204

0.00541 0.0033 436

0.00679 0.00425 549

a Concentration of (R)-5 (Ch) was 0.009 mol l–1 in all measurements, concentration of man-
delate was varied within the concentration range 0.0022–0.012 mol l–1. b CMand, initial con-
centration of mandelate in aqueous phase. c [Mand], equilibrium concentration of mande-
late in aqueous phase. d Kex, complexation constants computed for 1:1 stoichiometry; exper-
imental errors are within ±10%, but data given above are reproducible better than ±5%.



We assume that the prevailing stoichiometry of complexes formed is 1:1
provided the concentration of the guest anion is below 0.01 mol l–1 (ligand:
anion = 1:1 or less). It is evident (confer Table IV) that further increasing of
the mandelate concentration (CMand) leads to an increase in extraction con-
stants. This clearly indicates that the second step (1:2 binding) affects sub-
stantially the overall Kex value. Nevertheless, a comparison of the extrac-
tion constants, computed from the highest ligand:anion ratios, indicates
that the RS-enantioselectivity (the ratio of Kex

S/Kex
R) of the 1:1 extraction is

very similar to those obtained from NMR data for the 1:2 extraction. The
1:1 extraction constant of (RS)-mandelate lies between the values for (S)-
and (R)-mandelate, while the 1:2 extraction of (RS)-mandelate is noticeably
more efficient than those of (S)- and (R)-mandelate (confer Table IV). Thus,
(R)-5 extracts (RS)-mandelate in two steps: the first step proceeds with the
extraction constant being between those for R and S isomers, which in turn
indicates that the extraction efficiency is determined by the competition of
R and S isomers for complexation with (R)-5, the second step seems to be the
most efficient for simultaneous binding of (RS)-mandelate. Interestingly,
the comparison of 1:1 and 1:2 binding constants shows enhanced allosteric
effect indicating that the complexation of the first mandelate suitably
preorganises the molecule for the interations with the second anion.

The main problem is the difference between the binding modes of lactate
and mandelate. Based on all the data obtained, namely the aromatic stack-
ing interaction found for benzoates, and the ∆δ value of proton 15 (lower
for mandelates than those for lactates), we propose that 13-NH groups are
in contact with hydroxy groups of mandelate, while 11-NH groups with
carboxylate oxygens. According to this proposal the more efficient binding
of S isomer should be explained by more efficient aromatic interactions,
which in turn leads to the ∆δ value for the complex with S isomer higher
than that for the complex with R isomer. The main driving force for this
kind of binding are the aromatic stacking interactions between electron-
rich phenyls of mandelate and electron-deficient 3,5-bis(trifluoromethyl)-
phenyls of the ligand.

We have also examined the transport of chiral anions (mandelate) across
the liquid (chloroform) membrane by means of (R)-5. We have found that
the ligand studied is not suitable for this application as its presence in the
chloroform membrane slowed down the transport profoundly if compared
with a blind experiment. This is probably due to high stability of (R)-5–
mandelate complex.

In conclusion, we have prepared several chiral ligands based on commer-
cially available 1,1′-binaphthalene-2,2′-diamine. Its urea derivatives have
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been found to form complexes with anions. One of them, (R)-5, has been
thoroughly studied and found to complex lactate with modest enantio-
selectivity. Inverse selectivity has been found for mandelate. An explana-
tion based on NMR, UV, and extraction behavior of the complexes formed
in solution has been suggested.

EXPERIMENTAL

Temperature data are not corrected, melting points were measured on a Kofler block, optical
rotations were measured on a digital polarimeter Jasco DIP370. Specific rotations [ ]α D

20 are
given in 10–1 deg cm2 g–1 and concentrations are given in g/100 ml. UV spectra were mea-
sured on a Hewlett Packard 8452A diode array UV spectrometer. 1H NMR and 13C NMR
spectra were measured on a Varian Gemini 300 HC with 300.075 MHz and on a Bruker 500
with 500.132 MHz for 1H. Chemical shifts δ are given in ppm referenced to tetramethyl si-
lane as internal standard. Coupling constants J are given in Hz. The solvent used is given
with spectral data. Thin layer chromatography (TLC) was performed on commercial plates
with Silica gel 60 F254 (Merck). Silica gel 60 (Merck) was used for (flash) column chromatog-
raphy. HPLC analyses were performed using a HPLC pump LCP4010 (Pikron) equipped with
a UV detector LCD 2082 (Ecom). The columns with chiral stationary phases were commer-
cial Chiralpak OP+ (Daicel) and Chiralcel-ODH. Separation conditions are given for each
case. Reactions are typically performed at ambient temperature. Evaporations in vacuo were
performed under a pressure of 0.67 kPa at 50 °C. Chemicals were used as obtained from
Aldrich, Fluka, Merck and Lancaster in analytical grade quality. Dichloromethane was dis-
tilled from calcium hydride; triethylamine was distilled from KOH pellets and stored over
molecular sieves 4 Å.

X-Ray Measurement

X-Ray data for 4: C34H14F10N2O2, M = 672.481, orthorhombic system, space group P21221,
a = 12.024(1), b = 12.3331(7), c = 14.154(3) Å, V = 2098.9(5) Å3, Z = 2, Dc = 1.0640 g cm–3,
µ(CuKα) = 8.576 cm–1, a colorless crystal of dimensions of 0.1 × 0.3 × 0.3 mm. Data were
measured at 293 K on an Enraf–Nonius CAD4 diffractometer with graphite-monochromatized
CuKα radiation. The structure was solved by direct method15 and refined (oxygen, fluorine
and nitrogen atoms anisotropically and carbon atoms isotropically) by full-matrix least-
squares on F values16 to final R = 0.0709, Rw = 0.0738 and S = 1.0962 with 216 parameters
using 2557 independent reflections (θrange = 3.58–59.94°). Hydrogen atoms linked to carbon
atoms were located from the expected geometry and were not refined. CCDC 201671 con-
tains the supplementary crystallographic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallo-
graphic Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; fax: +44 1223 336033; or
deposit@ccdc.cam.ac.uk).

Stability Constants Measurements

1H NMR spectroscopy: Typically, a stock solution of ligand in CDCl3 and a stock solution
of anion (as tetrabutylammonium salt in the same solvent) were mixed in an NMR tube
(diluted with pure solvent) to obtain the final concentration of ligand 0.0005 mol l–1. The
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anion amounts used were: 0.1; 0.2; 0.3; 0.4; 0.5; 0.6; 0.7; 0.8; 0.9; 1.0; 1.1; 1.2; 1.3; 1.4; 1.5;
1.6; 1.7; 1.8; 1.9; 2.0; 2.5; 3.0; 3.5; 4.0; 4.5; 5.0 a 10.0 molar equivalents. ∆δ data for all pro-
tons shifted were obtained and used as input for programme OPIUM 17 giving stability con-
stants and CIS values for given stoichiometry of the complexes formed.

Extraction Method

Single extraction – HPLC assessment. A solution of ligand in chloroform (c = 0.01 mol l–1, 1 ml)
was stirred magnetically (1100 rpm) with an aqueous solution of tetrabutylammonium (RS)-
mandelate (c = 0.01 mol l–1, 1 ml) for 1 h. The aqueous phase was separated, the organic
phase was evaporated in vacuo, redissolved in propan-2-ol (1 ml) and the solution thus ob-
tained was subjected to HPLC analysis. The background effect was assessed in the same ex-
periment but with no ligand.

Extraction – log–log procedure14. It is known that Kex can be calculated based on extraction
experiment as: Kex = α(1 – α)–1(Cg – αCh)–1 for the 1:1 complex (ligand:anion) stoichiometry
and in more general terms as: Kex = α(1 – α)–1(Cg – αCh)–n for the 1:n complex stoichio-
metry. All these simplified equations are based on assumption that the complex [(R)-5–
anion] exists only in organic (chloroform) phase.

In logarithmic form we obtain:

log Kex = log α(1 – α)–1 – n log (Cg – αCh) ,

where α is an extent of complexation in the organic phase, defined as: α = (∆δ) CIS–1; q =
α(1 – α)–1; finally (Cg – αCh) is equilibrium concentration of uncomplexed anion in the
aqueous phase.

By plotting experimentally accessible log q against log (Cg – αCh) a straight line should be
obtained. Its slope and intercept are n (stoichiometry of the complex) and log Kex, respec-
tively.

The extraction procedure – UV spectroscopy assessment (for mandelate only). Equilibrium con-
centration of Bu4N mandelate was measured as follows. A ligand solution (0.009 mol l–1,
2 ml) in chloroform was mixed with 5 ml of aqueous Bu4N+mandelate– of concentration
in the range 0.002–0.012 mol l–1. After stirring for 1 h and phase separation, the concentra-
tions of mandelate were determined by UV spectroscopy both in aqueous and chloro-
form solutions from the measured absorbance and absorption coefficient according to the
Lambert–Beer law at 260 nm.

The extraction procedure – 1H NMR spectroscopy assessment (for mandelate only). The general
extraction procedure was as follows: a chloroform (CDCl3) solution of ligand (0.0089 mol l–1,
1 ml) was stirred for 60 min with 1 ml of aqueous (D2O) solution of tetrabutylammonium
salts. Concentration of the salts varied from 0.003 to 0.03 mol l–1. The extent of complex-
ation was estimated from NMR spectroscopy data using α = ∆δ/CIS.

Transport Eexperiments

These experiments were carried out in the transport cell with the design based on that in lit-
erature18. The liquid membrane was a chloroform solution of ligand (0.009 mol l–1), the
source phase was aqueous solution of Bu4N mandelate (0.0045 mol l–1), and the receiving
phase was redistilled water. The volume of chloroform phase was 10 ml, the volume of both
aqueous source and receiving phases was 2 ml. The equilibrium concentration of Bu4N
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mandelate was estimated spectrophotometrically from measured absorbances and absorption
coefficient according to the Lambert–Berr law at 260 nm.

The aqueous receiving and source phases were also analysed by HPLC. In this case,
a 1.8 ml aliquot of the aqueous phase was evaporated, then dissolved in 0.5 ml of propan-
2-ol and directly analysed by HPLC (the HPLC conditions were similar to those used for
Bu4N mandelate).

1,1′-Binaphthalene-2,2′-diamine

2-Naphthol (40.0 g, 0.277 mol) and hydrazine monohydrate (7.2 ml, 0.14 mol) have been
heated to 170–180 °C for 48 h. The solid obtained was melted on steam bath, transferred to
a mixture of 300 ml of concentrated HCl and 300 ml of water, boiled for several minutes
and the supernatant was decanted. This procedure was repeated three times with 300 ml of
dilute HCl (1:1). Combined acid solutions were cooled to ambient temperature and carefully
made alkaline (ice-water bath) by addition of NaOH pellets. The suspension thus obtained
was heated to reflux for several minutes and the solid was separated by filtration. Water
(500 ml) was added, boiled for several minutes and again filtered while hot. This procedure
was repeated until no 2-aminonaphthalene was present in hot solution. The crude product
was dissolved in 2 M HCl (400 ml), the hot solution was treated with charcoal, filtered and
the product precipitated by addition of 10% aqueous NaOH to alkaline reaction. The solid
was collected by filtration, washed with water and dried in air at 60 °C. Pure 1,1′-bi-
naphthalene-2,2′-diamine (10.5 g, 27%) was obtained as white powder, m.p. 192–193 °C.
1H NMR (CDCl3): 3.69 (s, 4 H, NH2); 7.08–7.27 (m, 6 H, ArH); 7.78–7.82 (m, 4 H, ArH).

(R)-2,2′-Dibenzamido-1,1′-binaphthalene ((R)-1)

Benzoyl chloride (107 mg, 0.088 ml, 0.756 mmol) in dry dichloromethane (12 ml) was
added dropwise to solution of (R)-1,1′-binaphthalene-2,2′-diamine (100 mg, 0.35 mmol) and
dry triethylamine (0.75 ml) in dichloromethane (4 ml) at ambient temperature overnight.
The reaction was quenched with 20 ml of diluted HCl (10%), and the mixture was extracted
washed with saturated aqueous NaHCO3 (20 ml) and water (20 ml). Organic layer was dried
with anhydrous MgSO4, evaporated in vacuo leaving the crude product (281 mg). Column
chromatography (silica gel, chloroform:methanol 98:2) furnished pure amide as yellowish
powder. Yield 170 mg (98%), m.p. 195–196 °C, [ ]α D

20 +62.04 (c 0.751, chloroform). For
C34H24N2O2 (492.6) calculated: 82.91% C, 4.91% H, 5.69% N; found: 82.87% C, 4.96% H,
5.67% N. 1H NMR (CDCl3): 6.85 (s, 2 H, NH); 6.86–8.77 (m, 22 H, ArH).

(R)-2,2′-Bis{[3,5-bis(trifluoromethyl)benzoyl]amino}-1,1′-binaphthalene ((R)-2)

The compound was prepared from (R)-1,1′-binaphthalene-2,2′-diamine (100 mg, 0.35 mmol)
and 3,5-bis(trifluoromethyl)benzoyl chloride (213 mg, 0.77 mmol) using the same procedure
as described for (R)-1. Yield 210 mg (78%), m.p. 203–204 °C, [ ]α D

20 +69.86 (c 0.814, chloro-
form). For C38H20F12N2O2 (764.6) calculated: 59.70% C, 2.64% H, 29.82% F, 3.66% N;
found: 59.67% C, 2.67% H, 29.78% F, 3.67% N. 1H NMR (CDCl3): 7.09 (s, 2 H, NH);
7.23–7.40 (m, 4 H, ArH); 7.33 (s, 2 H, ArH); 7.60 (t, 2 H, ArH, J = 8.2); 7.78 (s, 4 H, ArH);
8.00 (d, 2 H, ArH, J = 8.8); 8.08 (d, 2 H, ArH, J = 8.2); 8.28 (d, 2 H, ArH, J = 8.8).
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(R)-2,2′-Bis[(pentafluorobenzoy)lamino]-1,1′-binaphthalene ((R)-3)

To (R)-1,1′-binaphthalene-2,2′-diamine (100 mg, 0.35 mmol) and dry triethylamine (0.75 ml)
in dry dichloromethane (7.5 ml), a solution of pentafluorobenzoyl chloride (355 mg,
0.213 ml, 0.77 mmol) in dry dichloromethane (12 ml) was added dropwise at –78 °C. The
reaction mixture was set aside for 12 h and isolated as above yielding the crude amide
(203 mg) and, after chromatography (silica gel, chloroform), 97 mg (41%) of pure product,
m.p. 162–163 °C, [ ]α D

20 +46.43 (c 1.00, chloroform). For C34H14F10N2O2 (672.5) calculated:
60.73% C, 2.10% H, 28.25% F, 4.17% N; found: 60.71% C, 2.12% H, 28.15% F, 4.14% N.
1H NMR (CDCl3): 6.51 (d, 2 H, ArH, J = 8.8); 6.94 (t, 2 H, ArH, J = 7.1); 7.29 (s, 2 H, NH); 7.51
(t, 2 H, ArH, J = 8.2); 7.62 (d, 2 H, ArH, J = 8.8); 8.00 (d, 2 H, ArH, 8.2); 8.14 (d, 2 H, ArH,
J = 8.8).

(R)-2,2′-Bis[bis(pentafluorobenzoyl)amino]-1,1′-binaphthalene ((R)-4)

The same procedure as for (R)-3 performed at –20 °C has furnished 85 mg (42%), m.p.
144–145 °C, [ ]α D

20 62.21 (c 0.655, chloroform). For C48H12F20N2O4 (1060.6) calculated:
54.36% C, 1.14% H, 35.83% F, 2.64% N; found: 54.34% C, 1.16% H, 35.79% F, 2.63% N.
1H NMR (CDCl3): 6.52 (d, 2 H, ArH, J = 8.2); 6.94 (t, 2 H, ArH, J = 8.2); 7.52 (t, 2 H, ArH, J =
7.1); 7.63 (d, 2 H, ArH, J = 8.8); 8.01 (d, 2 H, ArH, J = 8.2); 8.15 (d, 2 H, ArH, J = 9.3).

2,2′-Bis(N-arylureido)-1,1′-binaphthalenes. General Procedure19

1,1′-Binaphthalene-2,2′-diamine (150 mg, 0.53 mmol) in dry dichloromethane (45 ml) was
treated with aryl isocyanate (3.7 equivalents per NH2 group) at ambient temperature for
12 h. The reaction was quenched with 10 ml methanol and stirred for another 12 h. The re-
action mixture was evaporated in vacuo and purified by column chromatography on silica
gel eluted with chloroform. The product is generally eluted as second UV-active compound.

2,2′-Bis{N-[3,5-bis(trifluoromethyl)phenyl]ureido}-1,1′-binaphthalene (5). Yield 370 mg (88%),
m.p. > 360 °C. For C38H22F12N4O2 (794.6) calculated: 57.44% C, 2.79% H, 28.69% F, 7.05% N;
found: 57.41% C, 2.84% H, 28.67% F, 7.02% N. 1H NMR (DMSO-d6): 6.83 (d, 2 H, ArH, J =
8.2); 7.28 (t, 2 H, ArH, J = 7.7); 7.42 (s, 2 H, ArH); 7.45 (t, 2 H, ArH, J = 7.1); 7.48 (s, 2 H,
NH); 7.81 (s, 4 H, ArH); 8.05 (d, 2 H, ArH, J = 7.7); 8.14 (d, 2 H, ArH, J = 7.7); 8.35 (d, 2 H,
ArH, J = 8.8); 9.61 (s, 2 H, NH).

(R)-2,2′-Bis{N-[3,5-bis(trifluoromethyl)phenyl]ureido}-1,1′-binaphthalene ((R)-5). Yield 395 mg
(98%), m.p. 128–130 °C, [ ]α D

20 136.4 (c 1.00, methanol). For C38H22F12N4O2 (794.6) calcula-
ted: 57.44% C, 2.79% H, 28.69% F, 7.05% N; found: 57.40% C, 2.82% H, 28.67% F, 7.03% N.
1H NMR (CDCl3): 6.72 (s, 2 H, NH); 7.02 (d, 2 H, ArH, J = 8.2); 7.28 (t, 2 H, ArH, J = 7.1);
7.42 (s, 2 H, ArH); 7.47 (t, 2 H, ArH, J = 6.6); 7.69 (s, 4 H, ArH); 7.95 (d, 2 H, ArH, J = 8.2);
8.07 (d, 2 H, ArH, J = 8.8); 8.27 (d, 2 H, ArH, J = 9.3); the other NH overlapped with chloro-
form.

2,2′-Bis(N-p-tolylureido)-1,1′-binaphthalene (6). Yield 170 mg (88%), m.p. 282–284 °C. For
C36H30N4O (550.7) calculated: 78.52% C, 5.49% H, 10.17% N; found: 78.49% C, 5.52% H,
10.14% N. 1H NMR (DMSO-d6): 2.19 (s, 6 H, CH3); 6.77 (d, 2 H, ArH, J = 8.2); 6.97–7.40 (m,
14 H, 12 ArH and 2 NH); 7.98 (d, 2 H, ArH, J = 8.2); 8.09 (d, 2 H, ArH, 8.8); 8.62 (d, 2 H,
ArH, J = 8.8); 8.96 (s, 2 H, NH).

2,2′-Bis[N-(4-nitrophenyl)ureido]-1,1′-binaphthalene (7). Yield 125 mg (58%), m.p. > 360 °C.
For C34H24N6O6 (612.6) calculated: 66.66% C, 3.95% H, 13.72% N; found: 66.62% C, 3.98% H,
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13.70% N. 1H NMR (DMSO-d6): 6.81 (d, 2 H, ArH, J = 8.2); 7.26 (t, 2 H, ArH, J = 7.7); 7.43
(d, 4 H, ArH, J = 8.8); 7.66–8.22 (m, 12 H, 10 ArH and 2 NH); 8.38 (d, 2 H, ArH, J = 9.3);
9.58 (s, 2 H, NH).

2,2′-Bis(N-dodecylureido)-1,1′-binaphthalene (8)

2,2′-Diisocyanato-1,1′-binaphthalene20. 1,1′-Binaphthalene-2,2′-diamine (78 mg, 0.274 mmol)
was dissolved in diphenyl ether (10 ml) at 50 °C, the resulting solution was treated with
bis(trichloromethyl) carbonate (54.3 mg, 0.183 mmol) and the reaction mixture was stirred
at 150 °C for 6 h. The cold solution was used without further purification in the subsequent
reaction.

A solution of dodecylamine (80 mg, 0.43 mmol) in dichloromethane (5 ml) was added
and the resulting mixture was stirred for 12 h. The reaction mixture was purified by column
chromatography. Diphenyl ether was recovered by elution with chloroform:petroleum ether
(1:1) followed by the product (chloroform). Yield 147 mg (76%), m.p. 174–176 °C. For
C46H66N4O2 (707.1) calculated: 78.14% C, 9.41% H, 7.92% N; found: 78.11% C, 9.43% H,
7.89% N. 1H NMR (CDCl3): 0.88 (t, 6 H, CH3, J = 6); 1.25 (m, 40 H, CH2); 2.95 (t, 4 H, CH2,
J = 6); 6.35 (s, 2 H, NH); 7.00 (d, 2 H, ArH, J = 8.3); 7.23 (t, 2 H, ArH, J = 7.1); 7.29 (s, 2 H,
NH); 7.40 (t, 2 H, ArH, J = 8.3); 7.89 (d, 2 H, ArH, J = 8.2); 7.98 (d, 2 H, ArH, J = 9.3); 8.27
(d, 2 H, ArH, J = 8.8).

SYMBOLS

Cg concentration of guest, here concentration of anion in aqueous phase, mol l–1

Ch concentration of host, here concentration of ligand (R)-5 in organic phase,
mol l–1

Cg – αCh equilibrium concentration of uncomplexed anion in the aqueous phase
CMand initial concentration of mandelate in extraction experiment, where depend-

ence of extraction extent E = [Mand]/CMand on CMand was evaluated, mol l–1

[Mand] equilibrium concentration of mandelate in extraction experiment, where depend-
ence of extraction extent E = [Mand]/CMand on CMand was evaluated, mol l–1

CIS complexation-induced shift for approximation CIS ≈ ∆δ when large excess of
anion is present (Cg >> Ch), ppm

Kex association constant of complex (1:1 or 1:2) obtained from extraction experi-
ment, l mol–1

KR association constant determined for anion of absolute configuration R, l mol–1

KS association constant determined for anion of absolute configuration S, l mol–1

q defined as q = α(1 – α)–1

α extent of complexation in the organic phase, defined as α = (∆δ) CIS–1

∆δ shift of NMR signal caused by addition of anion, ppm
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