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Abstract: Enantiopure alleno-acetylenic ligands assemble
diastereoselectively upon the addition of a zinc(II) salt to
form triple-stranded helicates, which provide a sufficiently
large helical cage (“helicage”) for the encapsulation of guests.
The inclusion complexation of heteroalicycles is confirmed by
ROESY and DOSY NMR spectroscopy and quantified in
1H NMR binding titrations. The ECD spectra of the helicates,
which showed strong Cotton effects and exciton coupling, were
found to be extremely sensitive to the nature of the guest
molecules. Consequently, a series of nonchromophoric, achiral
guests of different sizes as well as regioisomers (1,3- and 1,4-
dioxane) became distinguishable on the basis of their induced
CD (ICD) spectra. Molecular dynamics (MD) simulations
show the adaptability of the cavity size to individual guest
molecules and support the selective ICD output. Particularly
high affinity towards 1,4-dioxane allowed its selective detection
at parts-per-million (ppm) levels in aqueous solutions.

Supramolecular coordination chemistry enables the forma-
tion of complex structures—many of which are inspired by
nature—and as such their function as guest-specific receptors
is of major relevance.[1] Helicates are a particularly interesting
class of supramolecular assemblies, widely investigated for
their elegant and intrinsically chiral structure.[2, 3] While the
enantioselective interaction of helicates with large biological
molecules, such as DNA and proteins, has been extensively
studied,[4] examples of their function as receptors which can
encapsulate small organic guests are rare.[5] In such systems,
the prospect of detecting chiroptical changes induced by
external stimuli is attractive, mainly because of potential
applications in chemosensors due to the simplicity of the
method and low detection limits.[6] While most examples of
chiroptical sensing require a chiral or chromophoric guest, the
chiroptical sensing of achiral, nonchromophoric guests is

more challenging.[6,7] For such a selective response the
receptor must have strong chiroptical properties (e.g. strong
Cotton effects) to allow the detection of small conformational
changes upon guest complexation.

Recently, our group developed enantiomerically pure 1,3-
diethynylallene 1[8] (Scheme 1) as an optically and thermally
stable building block for the construction of alleno-acetylenic

oligomers[9] and macrocycles,[10] which displayed outstanding
chiroptical properties. Rigidification of the backbones
resulted in further enhancement of these properties.[11] We
therefore became interested in transferring the molecular
properties of alleno-acetylenes to supramolecular assemblies.

Herein, we describe the diastereoselective assembly of
alleno-acetylenes (M)-2 and (P)-2 to form triple-stranded
helicates (L,L)-(M)3-3 and (D,D)-(P)3-3, respectively
(Scheme 1), with the lean all-carbon backbones of the
alleno-acetylene moieties forming enantiopure helical cages
(“helicages”). The X-ray structure of (L,L)-(M)3-3 revealed
an internal cavity for the encapsulation of guests, as observed

Scheme 1. a) Synthesis of (P)-2 ; reagents and conditions: 1. 3-Bromo-
phenanthroline, K3PO4, [Pd(MeCN)2Cl2] (5 mol%), XPhos (10 mol%),
(P)-1, Me2SO, 85 8C, 12 h. 2. Tetrabutylammonium hydroxide (40 wt%
in methanol, 10 mol%), 12 h. b) Crystal structure of (P)-2 (space
group C2, solvent molecules omitted for clarity). c) Assembly of
helicates (L,L)-(M)3-3 and (D,D)-(P)3-3. XPhos = 2-Dicyclohexylphos-
phino-2’,4’,6’-triisopropylbiphenyl.
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by ROESY and DOSY NMR experiments. The ECD
(electronic circular dichroism) spectra of (L,L)-(M)3-3 and
(D,D)-(P)3-3 were found to be extremely sensitive to the
nature of the guest molecules, allowing the selective detection
of nonchromophoric, achiral guests. Particularly high affinity
towards 1,4-dioxane enabled its selective detection at ppm
(parts per million) levels.

Ligands (M)-2 and (P)-2 were prepared in a one-pot
procedure from (M)-1 and (P)-1, respectively.[8] Copper-free
Sonogashira coupling[12b,c] with 3-bromophenanthroline,[12a]

followed by subsequent removal of the acetonide group
with a catalytic amount of tetrabutylammonium hydrox-
ide,[12d] allowed the second Sonogashira coupling to proceed,
with an overall yield of 35 % (Scheme 1 a). Phenanthroline
(phen) was chosen for its synthetic variability, allowing future
construction of heteroleptic supramolecular assemblies.[13]

Mixing enantiopure (P)-2 with Zn(OTf)2 in a ratio of 3:2
resulted in the immediate formation of (D,D)-(P)3-3
(Scheme 1c). The high-resolution electrospray-ionization
mass spectrum (HR-ESI-MS) of (D,D)-(P)3-3 revealed signals
of the differently charged species {Zn2[(P)-2]3(OTf)2}

2+,
{Zn2[(P)-2]3(OTf)}3+, and {Zn2[(P)-2]3}

4+ (m/z = 1049.3,
649.5, and 449.9, respectively, Figure S9 in the Supporting
Information). The 1H NMR spectrum of (D,D)-(P)3-3 dis-
played only seven aromatic signals, corresponding to the
formation of a single species and excluding the formation of
a nonsymmetrical “mesocate” (nonhelical conformer with the
two metal centers in the D,L conformation).[3] In addition,
ROESY NMR experiments showed a strong correlation
between the tert-butyl protons (C(CH3)3) and H-4’ and H-2’,
with the cross-peak for H-4’ being significantly more intensive
than that for H-2’ (Figure S8). This confirms that the bis-
phenanthroline ligand adopts the same conformation in the
assembly as that observed for the free state, which should
result in right-handed helicates for (P)-2 ligands and left-
handed helicates for (M)-2 ligands consisting of (D,D) and
(L,L) metal centers, respectively (Scheme 1 c). Assembly of
a solution of racemic (M/P)-2 with Zn(OTf)2 resulted in
narcissistic self-sorting to form exclusively helicates (L,L)-
(M)3-3 and (D,D)-(P)3-3 as confirmed by the fact that their
NMR spectra were identical to those obtained starting from
enantiopure (M)- or (P)-2.[14]

The structure of (L,L)-(M)3-3 was further substantiated
by X-ray analysis of single crystals, which were obtained by
slow diffusion of diethyl ether in an acetonitrile solution and
contained Zn2[(M)-2]3(ClO4)4 in the P1 triclinic space group
(Figure 1). The triple-stranded helicate features an internal
cavity occupied by two acetonitrile molecules, antiparallel to
each other.[15] As a result, the complex is distorted from C3 to
C1 symmetry, with two strands “opening” to better accom-
modate the second acetonitrile molecule, as can be observed
in the different views shown in Figure 1.[16] Importantly,
changes in the orientation of alleno-acetylenic chromophores
around the metal centers should induce significant changes in
the ECD spectra due to the expected exciton coupling.[6c,17]

Based on the above-mentioned X-ray structure, we
expected the encapsulation of guests within the cavity to
proceed also in solution. Indeed, the addition of small cyclic
guests in methanol resulted in upfield chemical shifts at

saturation binding (�Ddsat) of up to 0.28 ppm for protons H-2’
and H-9’, as observed by 1H NMR spectroscopy. This can be
attributed to conformational changes in the helicate upon
guest complexation. ROESY NMR spectra shows correlation
between the guest molecule (1,4-dioxane) and H-2’ in the host
(Figure 2a), while no correlation is observed between the host
and the solvent (CD3OD). DOSY NMR spectra[18] of 1,4-
dioxane�(L,L)-(M)3-3 revealed that the diffusion value for
the encapsulated guest is between that of the free 1,4-dioxane
and that of helicate (L,L)-(M)3-3, an indication of a fast guest
exchange on the DOSY timescale (Figure 2b).

Importantly, the diffusion rate of (L,L)-(M)3-3 does not
change upon addition of 1,4-dioxane, which indicates that
(L,L)-(M)3-3 most likely retains its triple-helicate configu-
ration upon guest complexation. This is in contrast to other
helicates, which upon introduction of guests transform to
larger tetrahedral structures to enable complexation (for
additional DOSY and ROESY experiments, see Sections S4.3
and S4.4 in the Supporting Information).[19]

The binding constants for various alicyclic and hetero-
alicyclic guests were obtained by nonlinear least-squares
fitting of 1H NMR titration data at fast exchange, with
constant host and varying guest concentration. A 1:1 binding
stoichiometry was inferred from Job plot analysis (Fig-
ure S34). With CD3OD as the solvent, most guests displayed
weak binding constants (Ka = 11–35m�1, see Table 1; for
titration curves, see Section S4.1). The ideal guest size
seems to be five- and six-membered rings, while the larger
cycloheptane as well as aromatic rings (pyrazine, p-xylene,
and furan) show no binding. While the presence of one
oxygen atom in tetrahydropyran only slightly improves the
binding affinity (Ka = 35m�1) in CD3OD relatve to that of
cyclohexane (Ka = 24m�1), 1,4-dioxane shows significantly
stronger binding (K = 570m�1). In addition, unlike other
guests, which show almost no change in their 1H NMR signals
upon encapsulation, the 1,4-dioxane singlet is split upon
encapsulation, since its protons become diastereotopic inside
the enantiopure host (Figure 2c). In sharp contrast, regioiso-
meric 1,3-dioxane only binds weakly (Ka = 11m�1).

Figure 1. Two views of the crystal structure of helicate (L,L)-(M)3-3
(P1 space group) with two encapsulated, antiparallel acetonitrile
molecules. Anions, additional outside solvent molecules, and hydrogen
atoms are omitted for clarity.[15]
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We performed solvent-dependent binding studies and
expectedly found very weak complexation for 1,4-dioxane in
acetonitrile (Ka = 9m�1), which acts as a competitive inhibitor
as suggested by the X-ray crystallographic findings (Figure 1).
Increasing the solvent polarity (D2O/CD3OD 1:1) resulted in

an increase in binding affinity. A particularly
significant increase by 2 orders of magnitude was
observed for hydrophobic cyclohexane and cyclo-
pentane, reaching Ka values of 2 � 103

m
�1. The large

difference in binding affinity between 1,4- and 1,3-
dioxane was also observed in the aqueous solutions,
with Ka values of 1800 (1,4) versus 30m�1 (1,3) in
D2O/CD3OD 1:1, and 8200 versus 860m�1 in H2O/
MeOH 19:1. The latter values were extracted from
ECD titrations due to limited solubility of the host
(see Section S4.1).

The strong binding of 1,4-dioxane is explained
by the calculated (DFT/B3LYP/6-31G(d))[20] struc-
ture of 1,4-dioxane�(D,D)-(M)3-3, which shows the
two oxygen atoms facing toward the electropositive
metal centers (Figure 2d), in a similar manner to
the two N-nitrogen atoms of the antiparallel
acetonitrile molecules observed in the X-ray struc-
ture (Figure 1). This notion is also supported by the
increase in binding affinity upon replacement of
oxygen with sulfur, exemplified for the binding of
thiane compared with that of tetrahydropyran
(860m�1 versus 110m�1 in D2O/CD3OD 1:1), since
the more diffuse sulfur is attracted strongly to the
outer sphere of the metal centers.[21]

The ECD spectra of (L,L)-(M)3-3 and (D,D)-
(P)3-3 in acetonitrile show strong exciton coupling
with a large Cotton effect at 363 nm (De =

345m�1 cm�1), as expected for adjacent chromo-
phores in octahedral alignment around the metal

centers (Figure 3a).[17] Unlike the ECD spectra of alleno-
acetylenes (P)-1 and (P)-2, (as well as of other previously
studied alleno-acetylenes), the spectra of (D,D)-(P)3-3 are
sensitive to differences in temperature (see Section S5.3). The
strong Cotton effect of the alleno-acetylene chromophores,
combined with the high sensitivity of exciton coupling to the
orientation of the chromophores, should result in a significant
induced CD (ICD) upon guest complexation to the helicate.[6]

Indeed, the addition of various guests to the helicate in
methanol gave rise to strong ICD signals (up to DDe values of
70m�1 cm�1). The increase in Cotton effect upon guest
encapsulation suggests a net effect of the guests on the
helicate conformation. Importantly, the ICD spectra were
found to be highly guest-dependent, where even regioisomers
such as 1,4-dioxane and 1,3-dioxane produce clearly distin-
guishable spectra (Figure 3b). Variations in guest size also
affect the ICD spectra as observed for the series of oxetane,
tetrahydrofuran, and tetrahydropyran, most likely due to
different conformational induction on the helicate (Fig-
ure 3c). Molecular dynamic (MD) simulations, followed by
volume calculation using VOIDOO, determined the cavity
size upon encapsulation of 1,4-dioxane and oxepane.[22] The
difference in the average cavity size (135 �3 versus 154 �3 for
1,4-dioxane and oxepane, corresponding to a volume occu-
pancy of 63% and 70 %, respectively) confirms the dynamic
nature of the helicage, which can adjust its size and shape
based on the guest molecule (“induced fit”).[23, 24] This
contributes to the sensitivity in the ICD output for different
guests.

Figure 2. a) 1H NMR spectrum of 1,4-dioxane�(L,L)-(M)3-3 (top) and 1D trace of
the ROESY NMR spectrum at 3.65 ppm, showing correlation between 1,4-dioxane
and H-2’ located inside the cavity of (L,L)-(M)3-3. b) Overlay of DOSY NMR
traces, top: free (green) (L,L)-(M)3-3 and 1,4-dioxane�(L,L)-(M)3-3 (blue);
middle: bound 1,4-dioxane (blue); bottom: free 1,4-dioxane (red) and solvent (all
three colors). (c) 1H NMR spectra of free 1,4-dioxane and in 1,4-dioxane�(L,L)-
(M)3-3. d) Calculated structure (DFT/B3LYP/6-31G(d)) of 1,4-dioxane�(D,D)-(P)3-3.
All NMR spectra measured in CD3OD at 298 K.

Table 1: Binding parameters at 298 K for the complexation of various
guests by (L,L)-(M)3-3 in CD3OD.

Guest CD3OD D2O/CD3OD 1:1
Ka

[m�1][a]
�Ddsat(H-2’)
[ppm][b]

Ka

[m�1][a]
�Ddsat(H-2’)
[ppm][b]

1,3-dioxane 11 0.20 30 0.18
1,4-dioxane[c] 570 0.17 1800 0.10
tetrahydrofuran 34 0.16 110 0.15
oxetane 13 0.28 30 0.28
cyclopentane 28 0.24 2200 0.21
tetrahydropyran 35 0.19 220 0.14
cyclohexane 24 0.22 1730 0.24
thiane 120 0.16 860 0.18
oxepane 11 0.12 [d] [d]
(R)-(+)-1,2-
epoxybutane

14 0.13 31 0.18

(S)-(�)-1,2-
epoxybutane

16 0.14 49 0.21

[a] The association constant Ka was determined by nonlinear least-
squares curve fitting of the 1H NMR chemical shift of proton H-2’ located
inside the cavity of (L,L)-(M)3-3, assuming a 1:1 isotherm. Host (L,L)-
(M)3-3 was titrated with guest, keeping the concentration of (L,L)-(M)3-
3 constant (see Section S4.1 for details). Error estimated in the range of
�20 %. [b] Calculated change in chemical shift at saturation binding,
�Ddsat. The � sign indicates an upfield shift. [c] 1,4-Dioxane binds in
CD3CN with Ka = 9m

�1 (�Ddsat(H-2’) 0.17 ppm). [d] The chemical shift
change was too small to be evaluated.
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We were able to detect ppm levels of 1,4-dioxane in
aqueous solutions containing 5% (v/v) of the helicate in
MeOH, where at a level of 2 ppm of 1,4-dioxane the distinct
peaks at 355 nm and 370 nm could be observed (Figure 3d).
In addition, 10 ppm of 1,4-dioxane, a class 2B carcinogen,[25]

could be clearly detected even in the presence of 10 equiv-
alents 1,3-dioxane, demonstrating the use of ICD as a sensitive
method for the selective detection of achiral, nonchromo-
phoric guests (Figure S43).

In summary, enantiopure alleno-acetylenes and ZnII ions
assemble diastereoselectively to form triple-stranded heli-
cages, displaying strong chiroptical properties. They feature
an interior cavity shaped by the lean alleno-acetylenic
backbones, and various small cyclic guests form inclusion
complexes with high selectivity. The intrinsically strong
Cotton effect of alleno-acetylenes combined with exciton
coupling allows for the chiroptical detection of nonchromo-
phoric, achiral guests in a highly selective manner, as
exemplified for the regioisomers 1,3- and 1,4-dioxane. MD
simulations show the adaptability of the cavity size to
individual guest molecules and support the selective ICD
output. Particularly strong binding was observed for 1,4-
dioxane, enabling its chiroptical detection in the low ppm
concentration range. We are now extending the triple-
helicates to systems containing multiple cavity binding sites
and will investigate allosteric effects on guest recognition at
these sites.
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