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Abstract: Chirality, a characteristic tool of molecular recog-
nition in nature, is often a complement of redox active
systems. Scientists, in their eagerness to mimic such
sophistication, have designed numerous chiral systems
based on molecular entities with cavities, such as macro-
cycles and cages. In an attempt to combine chirality and
redox-active species, in this contribution we report the
synthesis and detailed characterization of a chiral shape-
persistent molecular cage based on the combination of
enantiopure diethynylallenes and electron-rich bridged
triarylamines, also known as N-heterotriangulenes. Its ability
for chiral recognition in solution was revealed through
UV/vis titrations with enantiopure helicenes.

The rational design of artificial chiroptical sensors is essential
given the chiral nature of the majority of biomolecules. Their
scope encompasses applications ranging from molecular detec-
tion often related with medical diagnosis,[1] to the switching
phenomenon in connection with molecular machines,[2] and

chiral catalysis.[3] Such chiroptical sensors comprise a more or
less open cavity, in which the higher the number of interactions
between host and guest, the higher the specificity of the
recognition event.[4] To this regard, 3D cage cavities are
theoretically preferred over macrocyclic ones,[5] with size and
shape being key factors to consider for an accurate chiral
matching. Strategies to achieve chiral cages involve either the
assembly of achiral units in a chiral fashion, often leading to
statistic mixtures, or the direct use of enantiopure chiral
building blocks.[6] Access to purely organic chiral molecular
cages by the second approach has mostly emerged along with
the research conducted on imine condensation starting from
chiral amines by Mastalerz,[7] and Cooper and co-workers,[8] inter
alia. Chemically stable axially chiral diethynylallenes (DEAs),
initially employed in the synthesis of oligomers and macro-
cycles with intriguing chiroptical properties,[9,10] made also their
foray into organometallic[11] and supramolecular chiral cages for
the sensing of achiral guests by the Diederich group.[12] In its
purely organic covalent variant, Cid and co-workers have
demonstrated the feasibility of realizing chiral molecular cages
with outstanding chiroptical properties from the combination
of shape-persistent enantiopure DEAs and simple aromatic
motifs for the detection of small achiral molecules (Figure 1,
cages 1 and 2).[13–15] On this firm basis, we advocate the use of
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Figure 1. Schematic structures of the shape-persistent chiral molecular cages
previously reported (P)6/(M)6-1 and (P)6/(M)6-2, and the novel N-heterotrian-
gulenic ones (P)6/(M)6-3.
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bridged triarylamines, known as N-heterotriangulenes (N-HTAs),
in the role of chromophoric aromatic lids, in order to achieve
redox-active nanosized cavities[16–20] for larger chiral guests,
aiming at setting foot on the realm of enantioselective
discrimination.[21–23]

Precedents of sensing examples involving triarylamines
range from the detection of metallic cations,[24] to toxic
anions[25] or anions present in chemical weapons,[26] nitro-
aromatic explosives,[27] biological metabolites,[28] toxic gases,[29,30]

and pH determination.[31] Regarding the implementation of
triarylamines in both macrocyclic and cage structures, few
examples can be tracked down in literature,[32–39] and even
scarcer examples are found for their bridged analogues, N-
HTAs, whose presence in complexing and sensing processes is
limited.[40–45] Besides exploring uncharted waters, N-HTA are also
of interest given their solid candidacy for next-generation
optoelectronic materials,[46–48] and properties such as reversible
redox chemistry.[49]

Here we present the synthesis and full characterization of
an organic covalent chiral cage composed of enantiopure DEAs
and electron-rich dimethylmethylene-bridged N-HTAs together
with the evidence for its enantioselective sensing ability in
solution.

Triiodinated triangulene 4 was synthesized in 41% yield
according to a previously reported procedure from the
corresponding parent N-HTA S1 (see the Supporting
Information).[50] The chiral building block (M)-DEA was prepared
in a five-step pathway, and both enantiomers resolved by chiral
HPLC in the same way as in our previous reports.[13] Both the
axially chiral (M)-DEA and the aromatic core 4 were connected
affording the tripodal intermediate (M)3-5 in a 46% yield by a
threefold Sonogashira cross-coupling between 1 equiv. of 4 and
3.3 equiv. of enantiopure (M)-DEA (Scheme 1, Figures S1–S3).
Subsequent treatment of tripod-shaped molecule (M)3-5 with
about 700 equiv. of flame-dried powdered NaOH in dry
refluxing toluene for 1.5 h under N2 yielded deprotected (M)3-6
in 49% yield (for characterization see Figures S4–S6 in the
Supporting Information). Finally, compound (M)3-6 was added
in dry pyridine under pseudo-high-dilution conditions (ϕ=

1 mLh�1) to a solution of CuCl (75 equiv.) and CuCl2 (11 equiv.)
in dry pyridine under N2 at room temperature for three days,
affording (M)6-3 in a yield of 30% as a beige solid. The same
synthetic procedure was applied to achieve enantiomer (P)6-3
with identical results. Compound (M)6-3 shows excellent
solubility in different aprotic polar (CH2Cl2, CHCl3, THF) and
apolar (hexanes) organic solvents. The compound is configura-
tionally stable towards racemization at ambient temperature
and chemically stable under air atmosphere for months.

Both D3 symmetric cage enantiomers (M)6-3 and (P)6-3 were
fully characterized by means of 1H, 13C, HSQC and HMBC NMR,
UV/vis and electronic circular dichroism (ECD) spectroscopies,
and HR-MALDI mass spectrometry (Figures S7–S11). From the
1H and 13C NMR spectra of compound (M)6-3 a differentiating
feature is deduced with respect to the previously reported
benzenic molecular cage (M)6-1, where the unsubstituted
aromatic positions in meta- of the aromatic lids were chemically
equivalent. In (M)6-3, however, these free aromatic meta-

positions are diastereotopic, producing splitting in two 1H
signals at 7.33 and 7.30 ppm (Figure 2) and six different 13C
signals at 131.4, 130.1, 130.0, 126.8, 126.6, and 118.3 ppm.
Furthermore, the bridging methyl groups show different
chemical shifts at 1.66 and 1.37 ppm, most likely corresponding
to the ones pointing outward and inward the cage cavity,
respectively (Figure 2), given the shielding cone effect inside
the cage. This peculiar property allows the NMR determination
of the relative positions of host and guest throughout the
binding process, even in the absence of an X-ray crystal

Scheme 1. Synthesis of chiral molecular cage (M)6-3. An identical procedure
was applied to the (P)6 enantiomer giving comparable results. DIPA=N,N-
diisopropylamine.
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structure of the complex, according to the degree of chemical
shift experienced by the signals. HSQC and HMBC 1H,13C single
and multiple-bond correlations were assigned in CDCl3
(Figures S9 and S10).

UV/vis spectroscopy measurements of target compound
(M)6-3 were conducted in CHCl3, being the molar absorptivity
ɛ=108000 m�1 cm�1 at the maximum absorption wavelength
378 nm and the maximum dissymmetry factor equal to 0.007 at
306 nm, which indicates a high degree of chiral amplification
and chiroptical discrimination power compared to our previous
reports.[13] Electronic circular dichroism (ECD) spectrum of (M)6-3
in CHCl3 shows a very intense positive band at about 260 nm,
along with a pronounced shoulder-containing negative band at
about 300 nm, followed by weaker alternating positive and
negative Cotton effects with maxima at about 370 and 400 nm,
respectively (Figure 3). The ECD spectrum of (P)6-3 is a perfect
mirror image of its enantiomer (M)6-3.

To assess the redox properties of molecular cage (M)6-3
cyclic voltammetry measurements in CH2Cl2 were conducted.
We observe two reversible oxidation waves at +0.41 and
+0.44 V (vs. ferrocene/ferrocenium (Fc/Fc+)), respectively,
which can be attributed to the formation of the double radical
cationic species (Figure S12).[49] In comparison to parent unsub-
stituted N-HTA (S1), with an oxidation wave centered at
+0.34 V, an anodic shift in cage (M)6-3 appears as a result from
the moderate EWG effect of the DEA units. These finding holds
considerable promise for this system to be employed as a
potential redox sensing agent.

In comparison with its mesitylene analogue (M)6-2 chiral
molecular cage (M)6-3 features more electron-rich aromatic lids
due to the delocalized amine lone pair over the polycyclic
framework (see Figure S16 for the corresponding electrostatic
potential map). Furthermore, the cage possesses a larger cavity
with an estimated volume of 2040 Å3 (approximated cylindrical
cavity height and diameter=9.03 and 17.76 Å, respectively;
Figure S15). In addition, the N-HTA lids in (M)6-3 endow the
chiral cage with the possibility of not only establishing the
C�H···π and π···π interactions with the potential guest, but also
additional hydrophobic contacts provided by their inward-
pointing methyl group of the dimethylmethylene bridges. To
establish a solid starting point on the evaluation of complex-
ation ability of (M)6-3, studies comparing complex formation
between molecular cages (M)6-1, (M)6-2, and current (M)6-3 with
η5-cyclopentadienyl-η6-naphthaleneruthenium(III) hexafluoro-
phosphate (Figure S19, Rut+) sandwich compound as a guest
were performed. Analysis of the titrations resulted in a Rut+

@(M)6-3 association constant of 590�65 m�1 for the 1 :1
complex. This value entails one half of the previously achieved
for complex Rut+@(M)6-2 (905 m�1 for the 1 :1 complex), fact
which concurs with a lower packing coefficient (P.C.) given the
bigger cavity volume for host 3. With regards to complex Rut+

@(M)6-1 (50 m�1 for the 1 :1 complex), the new molecular cage
(M)6-3 gave rise to an almost 12-fold association constant,
reflecting the richer electronic character of the triangulenic lids
(for more details see the Supporting Information, Figures S17–
S19).

In view of the positive results achieved for (M)6-3 in complex
formation with Rut+, we directed our efforts to enantioselective
molecular recognition processes, envisioning chirality as a
benefit for the host-guest match. For this purpose, helical guest
(Hel; Figure 4a) was proposed for the complexation with our
chiral cage (M)6-3. Sulfone-bridged hetero[4]helicene Hel was
synthesized from its parent dithia-bridged N-heterohelicene,[51]

through oxidation with a 1 :1 v/v mixture of glacial acetic acid
and H2O2 (30% w/w in H2O) at 120 °C in a 93% yield
(Figures S13 and S14).

Thus, titrations at constant concentration of host (M)6/(P)6-3
with chiral guest (P)/(M)-Hel were performed by means of
UV/vis spectroscopy in CHCl3 (Figures S20 and S21) with data
treatment employing the BindFit v0.5 online software
package,[52] with a 1 :1 global fitting model (Nelder-Mead
method).[53] Up to three titrations were done for each of both
homochiral and heterochiral combinations. Saturation curves
for the four possible guest@host diastereomeric complexes

Figure 2. 1H NMR spectrum cuts of (M)6-3 in CDCl3 (400 MHz). Tentative
signal assignment and top and lateral views of the optimized structure of
(M)6-3 at the B3LYP/6-31G level of theory.

Figure 3. UV/vis absorption and ECD spectra of (M)6-3 (solid line) and (P)6-3
(dotted line) in CHCl3.
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were evaluated at 325 nm (ɛHOST�105 m�1 cm�1, ɛGUEST
�103 m�1 cm�1) for up to 300 equiv. of the guest (Figure S22),
with the corresponding linear fittings of the Benesi-Hildebrand
plots having good coefficients of determination (R2=0.9919–
0.9996; Figure S23).

As a result, association constants for the two diastereomeric
complexes (two enantiomeric homochiral P@P and M@M, and
two enantiomeric heterochiral P@M and M@P) were calculated
(Table 1). The mean value thereof is of the same magnitude as
for Rut+@3, despite the electrostatic component being less
favored for neutral species Hel, most likely compensated by the
larger guest volume (VHel=375 Å3 calculated using Spartan’08)
which results in a packing coefficient of 18%. Regarding the
chiral discrimination, there is a preference for the heterochiral

complex formation observed by means of UV/vis titrations (Ka-
heterochiral/Ka-homochiral�1.4), corroborated as well by the
ECD analysis (Ka-heterochiral/Ka-homochiral�3.7). These values
hint at a different stability of the diastereomeric complexes.[54]

Therefore, in order to gain insight into the binding in terms of
intermolecular host-guest interactions, optimization and fre-
quencies at the B3LYP/6-31G level of theory in the gas phase
were calculated for the four possible Hel@3 diastereomeric
complexes. The optimized structures show S=O···H contact
distances, with oxygen atoms belonging to guest Hel and
hydrogen atoms from the triangulene dimethylmethylene
bridges, ranging from 2.3 to 2.9 Å and π···π interactions with
distances between 4.5 and 4.7 Å (Figures 5 and S26), which
points to synergistic interactions as main driving force of the
complexation with a certain degree of parallel-displaced π···π
contribution, beyond the classically accepted limits within π···π
interactions.[55] Despite DFT calculations at the B3LYP/6-31G
arose no significant energy differences between the diastereo-
meric complexes (up to 0.06 kcalmol�1), small differences in the
array of weak interactions between host and guest account for
the degree of enantioselectivity found, as previously reported in
literature for different substrate-receptor complexes.[56]

To further enhance the association constants, the possibility
of including stronger interactions such as cation···π was
exploited. Thus, previously reported radical cation Hel* +

(Figure 4a)[51] was examined as a guest with molecular cages
(P)6/(M)6-3 by means of UV/vis titrations (Figures S24 and S25),
following the same aforementioned data treatment. In this case,
data fitting evidenced the formation of 2 :1 complexes, whose
K11 values for the two possible guest@host diastereomeric
combinations show a substantial increase between 2 and 3
orders of magnitude with respect to the neutral helicene Hel
(Table 1). Curiously, in this case a preference is observed for the
formation of homochiral complexes (P)-Hel* +@(P)6-3 and (M)-
Hel* +@(M)6-3, with a Ka homochiral/heterochiral ratio of about
1.5. This values point to a similar enantioselectivity to that of
complexation involving sulfone-bridged helicene Hel.[57] As
further evidence of the complex formation with guest Hel* +, ESI
HRMS measurements showed ion peaks corresponding to the
[1 : 1]+ and [2 :1]+ complexes at the theoretical 2387.4508 and

Figure 4. a) Helicene enantiomers of Hel and Hel* + (PF6
� as counterion). b)

ECD (top) and UV/vis (bottom) spectra of Hel enantiomers in CHCl3. Dotted
line (M)-Hel, solid line (P)-Hel.

Table 1. Association constants calculated for the 1 :1 Hel@3, and for the
1 :1 and 2 :1 Hel* +@3 diastereomeric complexes in CHCl3.

K11 [m
�1] K11 and K12 [m

�1][b]

(Y)-Hel (X)-Hel (Y)-Hel* + (X)-Hel* +

(X)6-3 246�81 172�42 42725�13255 64585�28430
363�104[a] 97�10[a] 303�48 306�88

Standard deviation from both homochiral and heterochiral enantiomeric
combinations. (X) and (Y) stand for generic chirality absolute configuration
descriptors (M) or (P) indistinctly. [a] Values obtained via ECD titrations in
CHCl3 at 325 nm. [b] K11 (larger values) and K12 (smaller values) describe
the formation of guest@host 1 :1 and 2 :1 complexes respectively.

Figure 5. Computed structure of complex (M)-Hel@(P6)-3 at B3LYP/6-31G
level of calculation with labeled S=O···H contacts (red), and π···π interactions
(black). Distances in Å.
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2862.6744 mass/charge ratios for the four diastereomeric
combinations (Figures S27–S40).

In conclusion, novel D3 symmetric chiral cages (P)6/(M)6-3,
which combine redox-active N-heterotriangulenes and enantio-
pure diethynylallenes, were synthesized in good yield and fully
characterized by means of NMR, IR, UV/vis and ECD spectros-
copies as well as mass spectrometry. Moreover, their ability as
chiral host was demonstrated by complexation experiments
with chiral guests Hel and Hel* +, which were conducted by UV/
vis titration pointing at a certain degree of enantioselectivity.
For Hel Ka heterochiral/homochiral ratios of 1.4 and 3.7 by
means of UV/vis and ECD were obtained, respectively, whereas
for Hel* + a Ka homochiral/heterochiral ratio of 1.5 was obtained,
with homochiral complexes being the favored ones. Hence, this
report constitutes the first example of a chiral host bearing a
large and shape-persistent cavity, merging N-heterotriangulene
lids and diethynylallene-based branches providing the chiral
discrimination feature. The development of receptors of this
kind envisions future applications in the selective sensing of
redox-active chiral species with dual modulation grounded on
both their chiral configuration and oxidation degree.
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