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Dynamic anion receptors based on overcrowded alkenes

5.1 Introduction
The design and synthesis of new anion receptors has become a very important
area of supramolecular chemistry, mainly due to the variety of roles that anions
play in biological (e.g. enzymatic catalysis, transport of anions through
biological membranes) and environmental processes (e.g. nuclear waste
remediation).1 As in other fields main inspiration for the design and potential
application of anion receptors comes from biological systems.
Our inspiration for the research described in this chapter came from transport
systems in the cell, more specifically proteins, which can be switched between
two distinct affinity modes via a phosphorylation mechanism and in that way
control the rate of anion transport.2 Significant progress towards the design of
the artificial anion receptors that imitate natural protein carrier molecules has
been reported over the last decade.3 Urea groups are most commonly used
hydrogen bond donating units amongst the anion receptors and they have
shown excellent selectivity for oxo-anions (especially acetate and dihydrogen
phosphate).4 Although numerous receptors are reported in the literature, there
has been very little effort devoted to studying affinity switching of ions and
neutral molecules.5 The use of distinct light as an external trigger for the
effective switching of anion binding affinity has been demonstrated only for
halide ions.5c-e,h
Molecular motors are unique amongst molecular switches, and they feature
three distinct states that have been used in catalysis,6 as already discussed in
previous chapters. Therefore molecular motors provide an excellent responsive
structure for potential use in the switching of anion binding affinity. Our goal
was to test if the trans state and two cis states of bis(thio)urea motor would
demonstrate different affinity towards anions (Scheme 1).
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Scheme 1 Isomerization behavior and possible anion coordination modes of a motor based urea
and thiourea receptor.

We were also intrigued by the possibility of developing a chirality-switchable
receptor that could selectively bind a given enantiomer in one state, while in
the other state it would preferentially bind the opposite enantiomer (Scheme 2).

Scheme 2 Schematic representation of a chirality-switchable receptor.

Such a receptor could be used to dynamically control the ratio between
enantiomers. Since the two cis states of the overcrowded alkene possess
different helicities we were also intrigued by the possibility of
enantiopreference of anion binding to our bisurea receptor or selective
transport of an enantiomer of choice. In addition such systems could be
potentially beneficial for catalysis as it has been shown that chiral anions can
can control and/or catalyze various reactions.7
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5.2 Results and discussion
5.2.1 Synthesis
Trans and cis stable isomers of receptors 1 and 2 were prepared in an identical
manner, by reaction of corresponding diamine precursor and phenyl
iso(thio)cyanate in dichloromethane (Scheme 3).

Scheme 3 Synthesis of novel (thio)urea receptors 1 and 2.

Chiral version of the cis stable bisurea receptor 1 was prepared following the
same above described procedure, starting from the chiral diamine precursor.8,6b
5.2.2 Photochemical and thermal isomerization studies
The photochemical and thermal isomerization behavior of 1 was examined
using 1H NMR and UV-Vis spectroscopy. Upon irradiation of a solution of
stable trans-1 in DMSO with 312 nm light photo-induced isomerization takes
place, which leads to the formation of unstable cis-1. Following the
photoisomerization by 1H NMR spectroscopy (Figure 1) characteristic spectral
changes for the unstable cis isomer were observed and it was possible to
accurately determine the PSS ratio for this isomerization, which was found to
be 80:20 in favor of the unstable cis form. Subsequent heating at 60 °C of the
irradiated sample resulted in thermal helix inversion from unstable to stable
cis-isomer.
Exposure of the stable-cis isomer to 312 nm light in DMSO-d6/0.5 % H2O gave
direct access to the PSS mixture of stable trans-1/unstable cis-1. Upon irradiating
the mixture with 365 nm, pure stable trans-1 could be obtained (Figure 2).
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Figure 1 1H NMR spectrum of stable trans-1 A) in DMSO-d6/0.5 % H2O and B) spectral changes
after irradiation with 312 nm for 2 h giving predominately unstable cis-1. Subsequent heating at
60 °C for 24 h induces thermal isomerization to stable cis-1 (C), whereas the stable trans-isomer is
regenerated upon irradiation of the same sample with 365 nm light for 1.5 h (D).

Figure 2 1H NMR spectrum of stable cis-1 A) in DMSO-d6/0.5 % H2O and B) spectral changes after
irradiation with 312 nm for 2 h giving the PSS mixture of stable trans 1/unstable cis 1. Subsequent
heating at 60 °C for 24 h induces thermal isomerization to stable cis-1 (C), whereas the stable
trans-isomer is formed upon irradiation of the same sample (B) with 365 nm light for 1.5 h (D).

Following the photosiomerization process from stable trans-1 to unstable cis-1
with 312 nm light by UV-Vis spectroscopy characteristic bathochromic shift of
the absorption maximum was observed (λmax = 324 nm Æ λmax = 332, 355 nm,
Figure 3). After the PSS was reached, heating of the sample resulted in a
hypsochromic shift to 330 nm.
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Figure 3 UV-Vis spectrum (1 x 10-5 M in DMSO/0.5%H2O) of stable trans-1, before (black line) and
after irradiation with 312 nm (blue line) and subsequent heating at 60 °C for 24 h (red line).

The rate constants of thermal isomerization step were determined at 5 different
temperatures by following the decrease in absorption at 365 nm (Figure 4).
Using the Eyring equation, the Gibbs free energy of calculated as 105 kJ/mol
corresponding to a half-life of 147 h at 20 °C. This high half-life at room
temperature is beneficial for studying the anion affinity of the unstable cis form.

Figure 4 Eyring plot analysis of the thermal isomerization step from unstable to stable cis-1
monitored by the decrease in absorption at 365 nm in DMSO/0.5 % H 2O. The rate constants (k) of
the first order decay at five temperatures (45, 50, 55, 60 and 65 °C) were obtained by fitting to the
equation A=A0e-kt, ΔH‡ = 98.2 kJmol-1, ΔS‡ = -22.3 J K-1 mol-1, ΔG‡ (20 °C) = 105kJ mol-1, t1/2 (20 °C) =
147 h.

5.2.2 Anion binding studies with racemic receptors
It was anticipated that the strongest anion complexation would be achievied in
the cis-configuration due to the possibility of forming four hydrogen bonds.
Therefore initial binding studies were performed with stable cis-1 and cis-2
using 1H NMR titrations in DMSO-d6/0.5%H2O.
We have anticipated that the thiourea receptor 2 would form stronger
complexes with anions due to the pKa of thiourea hydrogen bond donating
group which is lower than that of the corresponding urea. Stepwise addition of
acetate caused huge downfield shifts of the urea protons. In the initial
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titrations, receptor 2 demonstrated slightly higher binding towards acetates
than receptor 1 (Ka(2) = 1488 M-1 vs Ka(1) = 1300 M-1). Deprotonation during
titration of thiourea receptor 2 with TBAAc could not be excluded as it can be
seen in Figure 5 b) that there is significant broadening of the NH peaks during
titrations. Upon titration of receptors 1 and 2 with hydrogensulfate ion no
significant shift of the urea protons was observed indicating there was no
binding (Figure 6).
a)

b)

Figure 5 1H NMR spectral changes in the aromatic and aliphatic region of a) stable cis-1 and b)
stable cis-2 upon the stepwise addition of [Bu4N]+[CH3COO]- (from top to bottom: 0.00, 0.2, 0.38,
0.57, 0.74, 0.83, 0.91, 0.99, 1.07, 1.15, 1.23, 1.38, 1.53, 1.67, 1.94, 2.31, 2.86, 3.33, 3.75, 4.12
equivalents).

a)

b)

Figure 6 1H NMR spectral changes in the aromatic region of a) stable cis-1 and b) stable cis-2 upon
the stepwise addition of [Bu4N]+[HSO4]- (from top to bottom: 0.00, 5.0, 6.9, 8.7, 12.0, 16.7, 20.8, 26.9
equivalents).

Deprotonation of thioureas in the presence of anions was previously described
in the literature.9 The strongest deprotonation effect was observed upon
titration of stable cis form of receptor 2 with dihydrogen phosphate where
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already upon addition of 0.2 eq of anion disappearance of NH peaks was
observed (Figure 7), whereas with receptor 1 this was not observed, and
binding constant could be determined (Ka = 7500 M-1). The Ka values for acetate
and dihydrogen phosphate are in similar range as those previously reported for
other successful bisurea receptors.4,5
a)

b)

Figure 7 1H NMR spectral changes in the aromatic region of a) stable cis-2 upon addition of
[Bu4N]+[H2PO4]- (from top to bottom: 0.00, 0.2, 0.38 equivalents) and b) stable cis-1 upon addition
of [Bu4N]+[H2PO4]- (from top to bottom: 0.00, 0.2, 0.38, 0.57, 0.74, 0.83, 0.91, 0.99, 1.07, 1.15, 1.23,
1.38, 1.53, 1.67, 1.94, 2.31, 2.86, 3.33, 3.75, 4.12 equivalents).

Due to the deprotonation issues during titration with receptor 2, the
determined binding constants are not completely reliable. The binding
constants of acetate to the stable trans and cis forms of receptor 2 were
determined and compared. The preliminary results (Ka (stable trans 2) = 123 M-1
and Ka (stable cis-2) = 1488 M-1) demonstrated a significant difference in affinity
towards acetate anion between these two forms.
Most remarkable differences in the anion binding affinity were demonstrated
with bisurea receptor 1, exploiting three different states of the receptor.
Calculated binding constants for dihydrogen phosphate complexation, Ka(trans)
= 130 M-1, Ka(stable cis) = 7500 M-1 and Ka(unstable cis) = 2300 M-1, revealed a
remarkable difference in anion complexation between these three states of the
receptor.
5.2.3. Anion binding studies with chiral receptor 1
Since the stable cis form of receptor 1 has shown strong binding towards acetate
and dihydrogen phosphate, we have decided to make TBA salts of D and L
phenylalanine and R and S BINOL derived phosphoric acids, respectively. We
envisioned that switching of enantioselectivity of cis-1 for these specific chiral
anions would be possible.
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Salts of D- and L- phenylalanine were prepared according to a literature
procedure10 by mixing equimolar amounts of TBAOH solution with
phenylalanine in water. TBA salts of chiral BINOL phosphoric acids were
prepared by mixing equimolar amounts of methanol solution of TBAOH x 30
H2O with BINOL phosphoric acid (Scheme 4).

Scheme 4 Synthesis of TBA salts of (S) and (R) derived BINOL phosphoric acids and D-and Lphenylalanine.

Initial titrations of (P,P)-cis-1 with TBA salts of D and L phenylalanine showed
weak binding and no enantioselectivity (Figure 8), as binding constants were of
the same order (Ka(D) = 59 M-1, Ka (L) =58 M-1). The phenylalanine structure is
significantly different from simple acetate, bearing an additional hydrogen
donating group (NH2) connected directly to the chiral center. That structural
feature might be the origin of weaker binding. As well the lack of steric bulk in
the structure of phenylalanine might be the cause for nonselective binding.
a)

b)

9,400
δ/ppm

δ/ppm

9,300
NH1

8,300

NH2
7,300
0

5

NH1

8,400

NH2
7,400

ArH

ArH
0

n(D-anion)/n(receptor)

5
n(L-anion)/n(receptor)

Figure 8 1H NMR spectral changes in the aromatic region of (P,P)-cis-1 upon titration with a) TBA
salt of D-phenylalanine b) TBA salt of L-phenylalanine.
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H NMR titration of (P,P)-cis-1 with enantiomers of binol-derived phosphate
salts [Bu4N]+[3]- led to downfield shifts of the signals attributed to urea, which
is indicative of anion binding (Figure 9). The differences between complexation
of S and R enantiomer were quite significant as well. Fitting of the titration data
to a 1:1 binding model with the use of HypNMR software revealed a strong
preference of the R enantiomer over the S enantiomer (KR/KS=4.2). Comparable
selectivity was found for the oxo anion (that is, for lactate KR/KS=4.4 and for 2phenylbutyrate KS/KR=4.6) binding to nonresponsive (S)-binaphthalene-based
bisurea receptors.11
a)
b)
1

c)

Figure 9 1H NMR spectral changes in the aromatic region of stable (P,P)-cis-1 (5 × 10‒3 M
in DMSO-d6/0.5%H2O) upon the stepwise addition of a) [Bu4N]+[(S)-3]‒ and b) [Bu4N]+[(R)-3]‒. c)
Urea NH shifts for (P,P)-cis-1, upon the stepwise addition of [Bu4N]+[(S)-3]‒ (red) and [Bu4N]+[(R)3]‒(blue). The data were fitted simultaneously to Hb and Hc considering a 1:1 binding model
using HypNMR software,12Ka for (S)-3=100 M-1, Ka for (R)-3=415 M-1.
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On the other hand, titrations to (P,P)-trans-1 revealed poor binding (Ka < 20 M1) and no enantioselectivity (Figure 10).
a)

b)

c)

Figure 10 1H NMR spectral changes in the aromatic region of stable (P,P)-trans-1 (5 × 10‒3 M
in DMSO-d6/0.5%H2O) upon the stepwise addition of a) [Bu4N]+[(S)-3]‒ and b) [Bu4N]+[(R)-3]‒. c)
Urea NH shifts for (P,P)-trans-1, upon the stepwise addition of [Bu4N]+[(S)-3]‒ (red) and
[Bu4N]+[(R)-3]‒(blue). The data were fitted first manually to a 1:1 binding model by simultaneous
analysis of Hb and Hc, after which the 2:1 complex was included assuming K 11=K11->21 . Ka for (S)3=17 M-1, Ka for (R)-3=14 M-1.

To determine a stability constant for complexation of 3 by (M,M)-cis-1,
competitive titrations to the photostationary state (at λ=312 nm) mixture (PSS312;
cis:trans=80:20) were carried out under the same conditions (Figure 11). In this
case, the titration data were evaluated considering the simultaneous formation
of both (M,M)-cis-1 and (P,P)-trans-1 phosphate complexes using the known
constants for the latter. It was found that now the S enantiomer of 3 binds the
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strongest (KS/KR=3.2). However, in addition to the stereoselective inversion (R
enantiomer of 3 was bound strongest to (P,P)-cis-1 (KR/KS=4.2)), a decrease in
binding strength was noted when going from (P,P)-cis-1 to (M,M)-cis-1. This
was previously also observed for the binding of dihydrogen phosphate to
unstable cis-1. Nevertheless, these studies clearly demonstrate that the
enantioselective binding of chiral phosphate exhibited by bisurea receptor 1 is
inverted upon photochemical and thermal isomerization (Figure 12).
a)
b)

c)

Figure 11 1H NMR spectral changes in the aromatic region of the PSS312 mixture (M,M)-cis-1:
(P,P)-trans-1= 80 : 20 (5 × 10‒3 M )in DMSO-d6/0.5%H2O) upon the stepwise addition of a)
[Bu4N]+[(S)-3]‒ and b) [Bu4N]+[(R)-3]‒. c) Urea NH shifts for the PSS312 mixture (M,M)-cis-1: (P,P)trans-1= 80 : 20, upon the stepwise addition of [Bu4N]+[(S)-3]‒ (red for cis, orange for trans) and
[Bu4N]+[(R)-3]‒(blue for cis, purple for trans). The data were analyzed by simultaneous fitting of
all four NH shifts considering 1:1 complexation by (M,M)-cis-1 and fixing the known K11=K11->21
for binding to (P,P)-trans-1, Ka for (S)-3=55 M-1, Ka for (R)-3=17 M-1.
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Figure 12 Isomerization and coordination behavior of bisurea receptor 1.The (P,P)-trans:(M,M)-cis
ratio at the photostationary state (PSS312) is 20:80 and the thermal half-life (t1/2) of (M,M)-cis-1 is
147 h at 20 °C. The enantioselectivity for chiral binol phosphate is inverted upon light and heatinduced switching between the cis isomers.

Increase of the steric bulk through the introduction of ortho-phenyl
sunstituents to the binol scaffold (compound 4) was expected to improve the
selectivity. Titrations of [Bu4N]+[(S)-4]- and [Bu4N]+[(R)-4] to (P,P)-cis-1 revealed
indeed an increased R:S ratio (KR/KS=5.5). However, this ortho substitution goes
at the cost of the binding strength and as a result, a stability constant for
complexation by (M,M)-cis-1 could not be calculated.
Comparison between selectivities for all chiral ions is summarized in Table 1,
which demonstrates that by increase of steric bulk of the anion the selectivity
can drastically increase.
Table 1 Binding constants of chiral binol phosphates[a] to bisurea 1 (KR,KS ; M-1) and differences in
free energies of complexation (ΔΔG298 ; kJmol-1).[b]
(S)-3

(R)-3

ΔΔG298 (3)

(S)-4

(R)-4

ΔΔG298 (4)

(L)-5

(D)-5

(P,P)-cis-1
100
415
3.53
17
94
4.25
58
59
(M,M)-cis-1
55
17
2.91
a] Phosphates were added stepwise as the tetrabutylammonium salt [1]=5 mm in DMSO-d6/0.5%H2O,

ΔΔG298
(5)
0.042

ୱ

[phosphate]=0.1 m in a solution of 1. [b] Calculated using ΔΔG298=ቚሺ ሻቚ
ୖ

Models showing the differences in binding modes of S-3 and R-3 to (P,P)-cis-1
are illustrated in Figure 13.
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Figure 13 Binding modes of A,C) (S)-3 to (P,P)-cis-1 and B,D) (S)-3 to (P,P)-cis-1 showing top
(A,B) and side (C,D) views which were obtained by B3LYP/6–31G+ +(d,p) calculations performed
by Dr. S. J. Wezenberg.

It can be clearly seen that there is a very different orientation of the chiral
phosphate anion in the two complexes illustrated complexes above. In the
complex of (P,P)-cis-1 with (S)-3 the naphthyl rings are closely parallel with the
plane in which the phenylurea substituents are located, whereas those in
complex of (P,P)-cis-1 with (R)-3 are virtually orthogonal. This results are
consistent with fewer downfield shifted 1H NMR resonance signals attributed
to the urea moiety of complex of (P,P)-cis-1 with (S)-3 as compared to those for
complex of (P,P)-cis-1 with (R)-3, in which the urea NH protons experience less
shielding. This contributes to the higher stability of the (P,P)-cis-1 complex with
(R)-3.

5.3 Conclusion
Bisurea receptor 1, derived from the first generation molecular motor, has
shown very high selectivity for binding of dihydrogen phosphate. The receptor
could be switched photochemically and thermally between three isomers with
distinct anion binding affinities (Ka(trans)=130 M-1, Ka(stable cis)=7500 M-1 and
Ka(unstable cis)=2300 M-1). To our knowledge this presents the most effective
photoswitchable receptor for oxo-anions.
The (P,P)-cis and (M,M)-cis isomers of bisurea receptor 1, which can be
interconverted using light and heat, exhibit opposite enantiopreferences for the
binding of binol phosphate. To our knowledge, this is the first example of a
receptor in which the enantioselectivity toward a chiral substrate can be
inverted in a dynamic fashion.
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5.4 Experimental section
General information:
Dichloromethane was purified by using an MBraun solvent purification
systems. Anhydrous methanol, DMSO and DMSO-d6 were purchased from
Acros Organics and anhydrous pyridine was purchased from Sigma-Aldrich.
Solvents were degassed by purging with N2 for 30 min. Tetrabutylammonium
hydroxide
30-hydrate
and
(S)and
(R)-1,1′-binaphthyl-2,2′-diyl
hydrogenphosphate were purchased from Sigma-Aldrich. All other chemicals
were commercial products and were used as received. Flash chromatography
(FC) was performed using silica gel (SiO2) purchased from Merck (type 9385,
230-400 mesh) and thin-layer chromatography (TLC) was carried out on
aluminum sheets coated with silica 60 F254 obtained from Merck; compounds
were visualized with a UV lamp (254 nm). Melting points (m.p.) were
determined using a Büchi-B545 capillary melting point apparatus. 1H, 13C NMR
spectra were recorded on Varian Mercury Plus-400 and Agilent 400-MR
spectrometers at 298 K unless indicated otherwise. Chemical shifts (δ) are
denoted in parts per million (ppm) relative to CD2Cl2 (for 1H detection, δ = 5.32
ppm; for 13C detection, δ = 53.84 ppm) or DMSO-d6 (for 1H detection, δ = 2.50
ppm; for 13C detection, δ = 39.52 ppm). For 1H NMR spectroscopy, the splitting
pattern of peaks is designated as follows: s (singlet), d (doublet), t (triplet), m
(multiplet), br (broad), or dd (doublet of doublets). High-resolution mass
spectrometry (ESI-MS) was performed on a LTQ Orbitrap XL spectrometer
with ESI ionization. UV-Vis absorption spectra were recorded on a HewletPackard HP 8543 diode and optical rotations were measured on a Schmidt and
Haensch polartronic MH8 polarimeter. Irradiation experiments (λmax = 312,
365 nm) were performed using a Spectroline model ENB-280C/FE lamp (8W).
cis-(±)-1,1'-(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]6,6'-diyl)bis(3-phenylurea) (cis-(±)-1):
Under a N2 atmosphere, cis-(±)-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'bisindenylidene]-6,6'-diamine (103 mg, 0.30 mmol) was dissolved in CH2Cl2 (5
mL) and treated with phenyl isocyanate (65 μL, 0.59 mmol). The solution was
stirred for 16 h and the precipitate was filtered off and washed with CH2Cl2 to
yield cis-(±)-1 (138 mg, 79%) as a white solid.
M.p. 295 °C (decomposition)
H NMR (400 MHz, DMSO-d6): δ 8.97 (s, 2H; NH), 7.71 (s, 2H; NH), 7.59 (s, 2H;
ArH), 7.44 (d, J = 7.9 Hz, 4H; ArH), 7.22 (t, J = 7.6 Hz, 4H; ArH), 6.92 (t, J = 7.2
Hz, 2H; ArH), 3.05 (dd, J = 14.8, 5.9 Hz, 2H; CH), 2.42 (d, J = 14.9 Hz, 2H; CH),
1
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2.23 (s, 6H; ArCH3), 1.38 (s, 6H; ArCH3), 1.06 (d, J = 6.5 Hz, 6H; CH3), one CH
signal was hidden under the H2O residual peak ; 13C NMR (100 MHz, DMSOd6): δ 152.7, 140.7, 140.5, 140.0, 138.1, 135.5, 130.1, 128.8, 122.6, 121.5,121.1, 117.8,
41.0, 37.9, 20.4, 18.5, 15.9;
HRMS (ESI) m/z: 607.3011 ([M + Na]+, calcd for C38H40N4O2Na+: 607.3044),
585.3192 ([M + H]+, calcd for C38H41N4O2+: 585.3224).
(P,P)-cis-1,1'-(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'biindenylidene]-6,6' diyl)bis(3-phenylurea) [(P,P)-cis-1]:
The compound was prepared in the identical manner as the racemic form
described above, just starting from the corresponding chiral diamine.
[α]= ‒32° (c = 0.2 in DMSO).
trans-(±)-1,1'-(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'biindenylidene]-6,6'-diyl)bis(3-phenylurea) (trans-(±)-1):
Under a N2 atmosphere, trans-(±)-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro[1,1'-bisindenylidene]-6,6'-diamine (84 mg, 0.24 mmol) was dissolved in CH2Cl2
(4 mL) and treated with phenyl isocyanate (53 μL, 0.48 mmol). The solution
was stirred for 16 h and the precipitate was filtered off and washed with
CH2Cl2 to yield trans-(±)-1 (121 mg, 85%) as a white solid.
M.p. 204 – 207 °C;
1H NMR (400 MHz, DMSO-d6): δ 8.92 (s, 2H; NH), 7.95 (s, 2H; NH), 7.48 (d, J =
7.9 Hz, 4H; ArH), 7.41 (s, 2H; ArH), 7.28 (t, J = 7.7 Hz, 4H; ArH), 6.96 (t, J = 7.3
Hz, 2H; ArH), 2.81 (m, 2H; CH), 2.57 (overlapped with the DMSO residual
peak, 2H; CH), 2.30 (s, 6H; ArCH3), 2.23 (d,J = 14.3 Hz, 2H; CH), 2.15 (s, 6H;
ArCH3), 1.08 (d, J = 6.2 Hz, 6H; CH3);
C NMR (125 MHz, DMSO-d6): δ 152.9, 141.3, 141.0, 140.1, 136.6, 135.9, 130.9,
128.8, 122.8, 122.3, 121.6, 118.0, 41.5, 38.2, 19.1, 18.2, 18.1

13

HRMS (ESI) m/z: 607.3009 ([M + Na]+, calcd for C38H40N4O2Na+: 607.3044),
585.3191 ([M + H]+, calcd for C38H41N4O2+: 585.3224).
cis-(±)-1,1'-(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'-biindenylidene]6,6'-diyl)bis(3-phenylthiourea) (cis-(±)-2):
Under a N2 atmosphere, cis-(±)-2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'bisindenylidene]-6,6'-diamine (40 mg, 0.12 mmol) was dissolved in CH2Cl2 (5
mL) and treated with phenyl isocyanate (29 μL, 0.25 mmol). The solution was
stirred for 16 h and and the crude mixture was evaporated in vacuo and
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purified via column chromatography using DCM/MeOH=99.5/0.5 as an eluent
.cis-(±)-1 (64 mg, 86%) was isolated as a white solid.
M.p. 295 °C (dec)
H NMR (400 MHz, DMSO-d6) δ 9.48 (s, 2H), 8.88 (s, 2H), 7.40 (d, J = 7.9 Hz,
2H), 7.25 (t, J = 7.7 Hz, 4H), 7.05 (t, J = 7.5 Hz, 4H), 6.93 (s, 2H), 3.05 (dd, J = 14.8,
5.9 Hz, 2H), 2.41 (d, J = 15.1 Hz, 2H), 2.19 (s, 6H), 1.44 (s, 6H), 1.04 (d, J = 6.4 Hz,
6H), one signal was hidden under the water residual.
13C NMR (101 MHz, CD2Cl2) δ 180.5, 142.7, 142.7, 141.9, 137.9, 134.2, 132.9,
129.17, 129.1, 127.2, 126.5, 125.2, 42.3, 38.8, 18.8, 18.0, 17.8.
1

HRMS (ESI) m/z: 617.2730 ([M + H]+, calcd for C38H40N4S2H+: 617.2728),
trans-(±)-1,1'-(2,2',4,4',7,7'-hexamethyl-2,2',3,3'-tetrahydro-[1,1'biindenylidene]-6,6'-diyl)bis(3-phenylurea) (trans-(±)-1):
Under a N2 atmosphere, trans-(±)-S3 (40 mg, 0.12 mmol) was dissolved in
CH2Cl2 (4 mL) and treated with phenyl isocyanate (29 μL, 0.25 mmol). The
solution was stirred for 16 h and the crude mixture was evaporated in vacuo
and purified via column chromatography using DCM/MeOH=99.5/0.5 as an
eluent. trans-(±)-1 (59 mg, 80%) was obtained as a white solid.
M.p. 182 – 186 °C;
1H NMR (400 MHz, DMSO-d6) δ 9.62 (s, 2H), 9.36 (s, 2H), 7.48 (d, J = 7.0 Hz,
2H), 7.32 (dd, J = 10.7, 5.1 Hz, 4H), 7.11 (t, J = 7.4 Hz, 4H), 6.87 (s, 1H), 2.81 (dt, J
= 12.4, 6.2 Hz, 2H), 2.53 (dd, J = 14.5, 5.5 Hz, 2H), 2.48 (dt, J = 3.7, 1.8 Hz, 2H), 2.3
(s, 6H), 2.19 (s, 6H), 1.01 (d, J = 6.4 Hz, 6H).
C NMR (125 MHz, DMSO-d6): δ 180.5, 141.3, 141.0, 140.1, 136.6, 135.9, 130.9,
128.8, 122.8, 122.3, 121.6, 118.0, 41.5, 38.2, 19.1, 18.2, 15.1
HRMS (ESI) m/z: 617.2729 ([M + H]+, calcd for C38H40N4S2H+: 617.2728),
Tetrabutylammonium
(S)-1,1′-binaphthyl-2,2′-diyl
hydrogenphosphate
{[Bu4N]+[(S)-3]‒}: Tetrabutylammonium hydroxide 30-hydrate (345 mg, 0.43
mmol) in MeOH (12 mL) was added dropwise to enantiopure (S)-1,1′binaphthyl-2,2′-diyl hydrogenphosphate [(S)-3] (150 mg, 0.43 mmol) in MeOH
(5 mL). The solution was stirred for 2 h at rt and concentrated,which was
followed by repetitive solution/evaporation cycles using MeOH (2x) and
CH2Cl2 (3x). The concentrate was dried in vacuo to afford [Bu4N]+[(S)-2]‒ (246
mg, 97%) as a white solid: m.p. 185 °C; [α]D20 = +369° (c = 0.2 in CHCl3);
1H NMR (400 MHz, CD2Cl2): δ 7.95- 7.88 (m, 4H), 7.47 (dd, J = 8.7, 0.9 Hz, 2H),
7.41-7.31 (m, 4H), 7.26-7.19 (m, 2H), 2.88-2.73 (m, 8H), 1.33-1.10 (m, 16H), 0.84 (t,
J = 7.2 Hz, 12H);
13
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C NMR (100 MHz, CD2Cl2): δ 150.9 (d, J = 9.4 Hz), 132.9, 131.0, 129.9, 128.5,
127.1, 126.1, 124.6, 123.1 (d, J = 2.4 Hz), 122.7 (d, J = 2.2 Hz), 58.1, 23.8, 19.8, 13.7;
31P NMR (162 MHz, CD2Cl2): δ 6.0 (s);
HRMS (ESI) m/z: 347.0474 ([M]‒, calcd for C20H12O4P‒: 347.0468);
The enantiomer [Bu4N]+[(R)3]‒ was obtained following a similar procedure:
[α]D20 = ‒356° (c = 0.2 in CHCl3).
13

{[Bu4N]+[(S)-4]‒}: Tetrabutylammonium hydroxide 30-hydrate (186 mg, 0.23
mmol) in MeOH (2.5 mL) was added dropwise to (S)-3,3'-bis(phenyl)-1,1'binaphthyl-2,2'-diylhydrogenphosphate13 [(S)-4] (116 mg, 0.23 mmol) in MeOH
(5 mL). The solution was stirred for 2 h at rt and concentrated, which was
followed by repetitive solution/evaporation cycles using MeOH (2x) and
CH2Cl2 (3x). The product was dried in vacuo to afford [Bu4N]+[(S)-4]‒ (167 mg,
97%) as a white solid: m.p. 252 °C; [α]D20 = +316 (c = 0.2 in CHCl3);
1H NMR (400 MHz, CD2Cl2): δ 8.12 (d, J = 7.4 Hz, 4H), 7.97 (s, 2H), 7.93 (d, J
=8.2 Hz, 2H), 7.47 (t, J = 7.5 Hz, 4H), 7.41-7.34 (m, 4H), 7.22-7.16 (m, 4H), 2.762.63 (m, 8H), 1.22-0.98 (m, 16H), 0.76 (t, J = 7.2 Hz, 12H);
13C NMR (100 MHz, CD2Cl2): δ 148.5 (d,J = 9.6 Hz), 139.0, 135.4 (d, J = 2.6 Hz),
132.8, 131.0, 130.9, 130.7, 128.6, 128.2, 127.4, 127.1, 126.0, 124.9, 123.7 (d, J = 2.3
Hz), 58.3, 23.9, 19.8, 13.7; 31P NMR (162 MHz, CD2Cl2): 4.3 (s); HRMS (ESI) m/z:
499.1097 ([M]‒, calcd for C32H20O4P‒: 499.1094);
The enantiomer [Bu4N]+[(R)-3]‒ was obtained following a similar procedure:
[α]D20 = ‒326° (c =0.2 in CHCl3).
Tetrabutylammonium L-phenylalanate [TBA][L-Phe] 5:
An aqueous solution of tetrabutylammonium hydroxide (40% w/w, 13 mmol)
was added to an aqueous suspension of the desired amino acid (13 mmol). The
resultant reaction mixture was heated at 60 °C for 2 h. The water was removed
in vacuo at 80 °C. The resultant residue was dissolved in CH3CN (50 mL) and
filtered to remove the unreacted amino acid. The filtrate was dried over MgSO4,
filtered and the solvent was removed in vacuo to afford the desired product.
Yield 95%.
1H NMR (D2O): δ 7.35 (m, 5H), 3.53 (dd, J1 =5.62 Hz, J2 = 7.25 Hz, 1H), 3.21 (m,
8H), 3.00 (dd, J = 13.5 Hz, J2 = 5.61 Hz, ¸1H), 2.90 (dd, J = 13.5 Hz, J2==7.29 Hz,
1H), 1.67 (m, 8H), 1.38 (m, 8H), 0.97 (t, 12H, J = 7 Hz) ppm.
13C NMR (D2O): δ 182.7, 139.1, 130.2, 129.3, 127.3, 58.74, 58.12, 41.48, 23.78,
19.82, 13.54 ppm.
[TBA][D-Phe] was prepared following a similar procedure and all
spectroscopic data were the same.
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H NMR titrations with racemic receptors 1 and 2:
A 5 mM solution of either stable receptor solution was prepared in DMSO-d6/
0.5%H2O (v/v). This solution was then used to dissolve the selected tetrabutyl
ammonium anion (50 mM). The solution containing the anion was added
stepwise to the receptor solution (0.5 mL) in and NMR tube and after each
addition a 1H NMR spectrum was recorded. For the competitive titration to the
stable trans-1/unstable cis-1 mixture, a 5 mM solution of the trans isomer was
irradiated with 312 nm light for 2 h in an NMR tube, which was maintained at
20 °C in a water bath. The resulting solution containing an equimolar cis/trans
mixture of 1 was used to prepare the 50 mM anion solution.
1

H NMR titrations with chiral anions:
To generate the PSS312 mixture, a 5 x 10‒3 M solution of (P,P)-cis-1 in DMSO-d6/
0.5%H2O (v/v) was irradiated with 312 nm light for 2 h at 20 °C in a 1 mm
quartz cuvette. The (P,P)-trans isomer was obtained by successive irradiation of
this solution with 365 nm at 20 °C for 1.5 h. These solutions were then used to
dissolve the selected tetrabutylammonium phosphate salt (0.1 M), which was
added stepwise to the solution (0.5 mL) of 1 in an NMR tube. After each
addition a 1H NMR (400 MHz) spectrum was recorded.
1
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