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Dynamic Inversion of Stereoselective Phosphate Binding to a Bisurea
Receptor Controlled by Light and Heat
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Abstract: A chiral bisurea anion receptor, derived from a first-
generation molecular motor, can undergo photochemical and
thermal isomerization operating as a reconfigurable system.
The two possible cis configurations in the isomerization cycle
are opposite in helicity, as is shown by CD spectroscopy.
1H NMR titrations demonstrate that the P and M helical
cis isomers hold opposite enantioselectivity in the binding of
binol phosphate, while anion complexation by the intermediate
trans isomer is not selective. The difference in the binding
affinity of the enantiomers was rationalized by DFT calcu-
lations, revealing very distinct binding modes. Thus, the
enantiopreferred substrate binding in this receptor can be
inverted in a dynamic fashion using light and heat.

Since the earliest development of molecules with structure-
specific interactions by Cram, Lehn, and Pedersen,[1] chemists
have been highly active in the area of chiral recognition and
especially enantioselective discrimination.[2] The obvious
reason is that the vast majority of biomolecules is chiral and
the ability of proteins to distinguish between enantiomers is of
fundamental importance to various biological processes, for
example, signal transduction, drug binding, and catalysis.[3] In
principle, the enantiopreference of any biological or chemical
receptor is fixed by the chiral building blocks that it is made
from. Yet, we were intrigued by the possibility to develop
a chirality-switchable receptor that could selectively bind
a given enantiomer in one state, whereas in the other state it
prefers binding the opposite enantiomer (Scheme 1A). Such
a receptor could be used to dynamically control the ratio
between enantiomers or selectively transport an enantiomer
of choice. Knowing that opposite enantiomers of chiral
substrates can produce entirely different effects,[4] this may
be applied eventually also to exert unique control over
chirality-responsive biological and chemical processes.

Dynamic control of chirality has been successfully dem-
onstrated in synthetic systems over the past years, ranging
from helical polymers[5] and cholesteric liquid crystals[6] to
enantioselective catalysts.[7] For example, Yashima, Maeda,
and co-workers showed inversion of the elution order of
enantiomers in chromatographic separation by making use of
a dynamic helical polyacetylene as the stationary phase.[8]

Furthermore, Aida and co-workers observed an interesting
inversion of the helical bisporphyrin orientation in a photo-
responsive host, which has been used to manipulate the
conformation of a guest molecule.[9] A helix inversion process
is also inherent to the thermally activated step in unidirec-
tional rotary molecular motors developed in our group.[10]

Equipment of molecular motors with catalytic functions has
made it possible to control the stereoselectivity in a chemical
reaction.[7b,11]

Recently, we have described bisurea receptor 1 (Sche-
me 1B),[12] which is derived from a first-generation molecular
motor. This receptor can be photochemically and thermally
switched between three isomers that all have distinct anion-
binding affinities (that is, for phosphate and acetate
anions).[13] As a result of the important and diverse roles
played by anions in biology, the development of synthetic
receptors for anionic substrates is receiving enormous inter-
est.[14] In this context, enantioselective binding and extraction
of chiral anions is an important challenge.[15, 16]

In this study, we have prepared enantiopure 1 of which the
P and M helical cis isomers can be easily interconverted using
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Scheme 1. A) Schematic representation of a chirality-switchable recep-
tor. B) 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 88C.[12]

The enantioselectivity for chiral binol phosphate is inverted upon light-
and heat-induced switching between the cis isomers.
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light and heat (Scheme 1B). Interestingly, we discovered that
the isomers (P,P)-cis-1 and (M,M)-cis-1 hold opposite enan-
tioselectivity in the binding of chiral binol phosphate. Thus,
the enantiopreference exhibited by 1 can be inverted in
a dynamic fashion and, to the best of our knowledge, this is
the first time that such responsive behavior is demonstrated
using a chiral receptor.

Bisurea receptor (P,P)-cis-1 was synthesized analogously
to the previously reported (�)-cis-1,[12] although in the present
study we started from the enantiopure dibromide precur-
sor.[17] The photochemical and thermal switching between
stable (P,P)-cis-1 and unstable[18] (M,M)-cis-1 was monitored
with UV/Vis absorption and circular dichroism (CD) spec-
troscopies (Figure 1A). Irradiation of a solution of stable
(P,P)-cis-1 with light of wavelength l = 312 nm resulted in
a bathochromic shift of the bands in the UV/Vis absorption
spectrum and an inversion of the CD signal, which is
consistent with conversion to (M,M)-cis-1.[10, 19] Upon subse-
quent heating of the sample, the spectra returned to their
original shapes indicating the regeneration of the stable
cis form.[20] Furthermore, as is illustrated in Figure 1B this
light- and heat-controlled helix inversion process could be
repeated over multiple cycles without significant signs of
fatigue.

The binol-derived phosphate salts [Bu4N]+[2]¢ and
[Bu4N]+[3]¢ were obtained by treatment of the respective
phosphoric acids with tetrabutylammonium hydroxide in
methanol (see the Supporting Information for details). The
stability constants (Ka) for complexation of either enantiomer
of these phosphates by the interchangeable isomers of bisurea
receptor 1 (see Scheme 1) were determined by 1H NMR
titrations in [D6]DMSO/0.5%H2O. Stepwise addition of
[Bu4N]+[(S)-2]¢ and [Bu4N]+[(R)-2]¢ to (P,P)-cis-1 led to
downfield shifts of the signals attributable to urea (Figur-
es S7–8 in the Supporting Information), which is indicative of
anion binding. Fitting of the titration data to a 1:1 binding
model with the use of HypNMR software[21] revealed a strong
preference for binding of the R enantiomer over the S en-
antiomer (KR/KS = 4.2; Table 1 and Figure S17 in the Sup-
porting Information).[22] On the other hand, titrations to
(P,P)-trans-1[23] revealed poor binding (Ka< 20m¢1) and no
enantioselectivity (Figures S9–10 and S18).

To determine a stability constant for complexation of 2 by
(M,M)-cis-1, competitive titrations to the photostationary-
state (at l = 312 nm) mixture (PSS312 ; cis :trans = 80:20)[12]

were carried out under the same conditions. 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 (Figur-
es S11–12 and S19). It was found that now the S enantiomer of
2 binds the strongest (KS/KR = 3.2; Table 1). However, in
addition to stereoselective inversion, 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 (�)-1 and has been explained by
a difference in the central C=C dihedral angle.[12] Never-
theless, these studies clearly demonstrate that the enantiose-
lective binding of chiral phosphate exhibited by bisurea
receptor 1 is inverted upon photochemical and thermal
isomerization.

Increase of the steric bulk through the introduction of
ortho-phenyl substituents to the binol scaffold (compound 3,
see Scheme 1) was expected to improve the selectivity.
Titrations of [Bu4N]+[(S)-3]¢ and [Bu4N]+[(R)-3]¢ to (P,P)-
cis-1 revealed indeed an increased R :S ratio (KR/KS = 5.5;
Table 1, Figure S20). 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.

Figure 1. A) CD (upper) and UV/Vis absorption (lower) spectra of
(P,P)-cis-1 (5 Ö 10¢4 m in DMSO) before (trace denoted stable cis) and
after (denoted PSS_312) irradiation with light of wavelength
l = 312 nm at 20 88C and after heating at 60 88C for 6 h (trace labelled
D(60 88C)). B) Change in the CD (l =340 nm) and UV/Vis absorption
(l =365 nm) intensities upon alternating irradiation and heating.
e = molar extinction coefficient (m¢1 cm¢1).

Table 1: Binding constants of chiral binol phosphates[a] to bisurea 1 (KR,
KS ; m¢1) and differences in free energies of complexation (DDG298 ;
kJmol¢1).[b]

(S)-2 (R)-2 DDG298 (2) (S)-3 (R)-3 DDG298 (3)

(P,P)-cis-1 100 415 3.53 17[c] 94 4.24
(M,M)-cis-1 55 17[c] 2.91 –[d] –[d]

[a] Phosphates were added stepwise as the tetrabutylammonium salt;
[1] =5 mm in [D6]DMSO/0.5%H2O, [phosphate] =0.1 m in a solution of
1. [b] Calculated using DDG88= jRTln(KS/KR) j . [c] Although fitted to a 1:1
model, simultaneous 2:1 complexation cannot be excluded. [d] 1H NMR
spectral changes are too small for calculation of a stability constant.
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To gain a better understanding of the difference in binding
mode of (S)-2 and (R)-2 to either (P,P)-cis-1 or (M,M)-cis-1,
geometry optimizations were performed on the B3LYP/6–
31G ++ (d,p) level of theory using an IEFPCM, DMSO
solvation model (see the Supporting Information for details).
The energy minimized diastereomeric complexes of [(P,P)-
cis-1�(S)-2]¢ (Figure 2 A,C) and [(P,P)-cis-1�(R)-2]¢ (Fig-

ure 2B, D) show very different orientations of the chiral
phosphate anion. For example, where the naphthyl rings in
(S)-2 are closely parallel with the plane in which the
phenylurea substituents are located, those in (R)-2 are
virtually orthogonal. The latter binding mode results in less
steric crowding as is evident from the larger distance between
naphthyl and phenylurea groups. This is consistent with the
fewer downfield shifted 1H NMR resonance signals attribut-
able to urea for [Bu4N]+[(P,P)-cis-1�(S)-2]¢ as compared to
those for [Bu4N]+[(P,P)-cis-1�(R)-2]¢ (Figures S7–8), in
which the urea-NH protons experience less shielding. Fur-
thermore, the orthogonal binding mode appears to favor
edge-to-face CH/p interactions between the naphthyl rings
and the aromatic protons of the phenylurea substituents
(CHortho···p = 3.4 è, CHmeta···p = 3.7 è), which is reflected in
pronounced upfield 1H NMR shifts. Both these features
explain the higher stability for [(P,P)-cis-1�(R)-2]¢ , which
based on these calculations was found to be 3.43 kJmol¢1

lower in energy than [(P,P)-cis-1�(S)-2]¢ . This is in good
agreement with the experimental result (Table 1). Analysis of
the structures calculated for (M,M)-cis-1 showed comparable
results and here, in line with experiment, the lowest energy
complex has (S)-2 bound (SCF zero-point energy difference
DE298 = 3.34 kJmol¢1; see Table S1–4 in the Supporting
Information).

In conclusion, we have shown that the (P,P)-cis and
(M,M)-cis isomers of bisurea receptor 1, which can be
interconverted using light and heat, exhibit opposite enantio-
preferences 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. Our future research is aimed
at modification of the recognition site for achieving strong
and selective binding of biologically relevant phosphates and
acetates, for instance, DNA and amino acids.
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