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In order to enhance the recognition properties of a given substrate, to increase the stability of an
intermediate or to sequester a pollutant from its medium, the development of suitable confined spaces
is an attractive strategy. However, most of the covalent cages described in the literature are based on
electron rich scaffolds, thus limiting access to electron deficient confined spaces. Naphthalene diimides
are broadly used as m-acidic surfaces and can additionally serve as recognition units through anion-n
interactions thanks to their high quadrupole moments. In order to preorganize the naphthalene diimide
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units into a well-defined confined space, cryptophanes are well-suited because of the rigidity of the
cyclotriveratrylene moieties, their bowl shape and their well-known synthesis. Herein, we describe the
DOI: 10.1039/d6nj01284a synthesis of two diastereoisomers of a cryptophane having three naphthalene diimide spacers, their

characterization, the resolution of the racemate and their recognition properties towards selected
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Introduction

The synthesis of covalent molecular cages, delimiting an acces-
sible three dimensional void cavity, has occupied synthetic and
supramolecular chemists for more than fifty years, in order
to mimic the well-defined enzyme binding vestibules." ™ Thus,
this area of research enabled the discovery of molecular con-
tainers, including cryptands,® cavitands,® cryptophanes’ and
hemicryptophanes,® for the encapsulation of naturally occur-
ring compounds,”'® as well as abiotic ones'"'* through non-
covalent interactions'® and/or confinement effects.'* However,
the introduction of endohedral functional units with a precise
design still remains difficult.">™"” The synthetic limitations for
covalent cages also hampered the introduction of emerging
interactions such as the anion-n interaction.'® Nonetheless,
this electrostatic interaction between an anion and an electron
deficient aromatic surface, having a strong positive quadrupole
moment, offers new opportunities for selectivity in both mole-
cular recognition and catalysis thanks to its peculiar binding
mode.””* Among the electron deficient surfaces known
to bind anions through anion-n interactions, naphthalene
diimides (NDIs) possess one of the strongest quadrupole
moments (Qzz = 13.7 B, at the MP2/aug-cc-pVIZ computational
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level)** and their functionalization on the imide position is well
documented and amenable over a large range of substrates.
NDIs have been used for the construction of molecular cages;**>°
however, anion-n interactions were not described for neutral
NDI-covalent cages.’’* Recently, we described a molecular
cage having three NDI walls linked by two benzene triimide
units able to bind anions, and having an unexpected hourglass
conformation.>® In order to obtain a well-defined electron
deficient confined space to expand the applications of anion-
T interactions, cryptophanes appear as suitable preorganized
scaffolds.’® Indeed, the presence of two cyclotriveratrylene
(CTV) units should prevent the electron deficient aromatic
surface aggregation while maintaining a well-defined cavity
delimited by the two CTVs and the three m-acidic surfaces
(Fig. 1). Hereby, we describe the synthesis of a cryptophane
receptor containing three naphthalene diimide spacers, its
characterization, chiroptical properties and its binding ability
towards anions through anion-r interactions as well as towards
pyrene.

Results and discussion

Cryptophanes can be synthesized through three different stra-
tegies:” (1) the direct method which consists of the trimeriza-
tion of bis(vanillyl alcohol) precursors linked through a spacer.
This method proved to be easy and fast to perform; however,
both the yields and the anti/syn ratio strongly depend on the
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Fig. 1 Schematization of the electron deficient confined space within
NDI-cryptophane 1.

nature of the linkers between the bis(vanillyl alcohol) units.
(2) The coupling method is done by reacting two CTVs with the
linkers in a one pot sequence. It gives comparable yields to the
direct method and is equally straightforward. (3) Finally, the
template method can be realized by grafting three vanillyl
alcohol substituents onto a CTV molecule. This method gives
the highest yields but necessitates more intensive synthetic
sequences.

As a starting point, NDI cryptophanes were synthesized
using the direct method. A short synthesis was developed to
afford naphthalene diimide precursor 5, bearing two protected
vanillyl alcohol substituents, in three steps with 33% yield and
without any column chromatography purification (Scheme 1).
The Gabriel synthesis was applied to THP protected bro-
moethoxyvanillyl alcohol 2 to obtain THP protected vanillylal-
coholethanamine 4. A nucleophilic substitution was performed
on compound 2 using potassium phthalimide in DMF, followed
by the deprotection of amine using hydrazine in MeOH. The
last step consisted of the condensation of two equivalents of the
free amine on naphthalene dianhydride in the presence of
DIPEA in DMF by heating at 130 °C for 16 h. After the reaction,

OTHP

OTHP OTHP

OTHP

Scheme 1 Synthesis of precursor 5. (a) Potassium phthalimide, DMF,
85 °C, 2 h, and 63%. (b) Hydrazine, MeOH, 80 °C, 3 h, and 65%.
(c) Naphthalene dianhydride 6, DIPEA, DMF, 130 °C, 16 h, and 80%.
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NDI precursor 5 was simply obtained by precipitation in water
with 80% yield.

Next, the cyclization reaction was performed at room tem-
perature in formic acid at 1.0 mM (Scheme 2). After ten days of
reaction, we were pleased to observe the desired product in
the reaction mixture. After multiple purification procedures
(see below), we were finally able to obtain syn-cryptophane 1
and anti-cryptophane 1 in a 1:1 ratio with a combined yield of
2.5%. The reaction conditions were then optimized, starting
from the precipitation of NDI precursor 5. In fact, precursor 5
was first obtained by precipitation in aqueous HCl 1 M
solution, which was obviously replaced by water. Although
the yield for the obtention of compound 5 was greatly
improved, the cyclization in formic acid did not afford any
traces of cryptophane 1 (Table 1, entry 2). Consequently, we
started adding controlled HCIl equivalents from concentrated
aqueous HCI solutions. By adding one equivalent of HCI, we
were pleased to obtain up to 4.2% yield of cryptophane 1
(Table 1, entry 3). Adding more equivalents of HCI, from twelve
to fifty, did not improve the outcome of the reaction, and
decreased the yields until no trace of the product could be
observed (Table 1, entries 4-6). Since our receptors are built to
operate with anion-n interactions, we decided to try another
source of chloride anions, and chose to use tetrabutylammo-
nium (TBA) chloride. This reaction gave cryptophane 1 with a
2.7% yield. While the yield is decreasing compared to the use of
HC], it indicates that the presence of chloride anions is needed
for the obtention of our receptor as no product is obtained
under the same conditions without this salt. Finally, the
temperature of the reaction was slightly increased to 40 °C;
however, this did not increase the yield either (Table 1, entry 8).
The optimization of the reaction conditions indicates a clear
beneficial impact of chloride anions to obtain cryptophane 1; at
this stage, we putatively impute this effect arising from a
templated effect of the chloride anions. The obtention of NDI
cryptophane 1 by the direct method was successful; however,
the modest yield of 4.2% led to the investigation of other
synthetic pathways. Next, the coupling method was performed
between two equivalents of CTV-NH, 7°” and three equivalents
of naphthalene dianhydride 6 (Scheme 2). The reaction was
first performed using DIPEA in DMF at 130 °C for 16 h and did
not give any trace of the product but instead oligomers were
observed in the "H NMR of the crude. Then, the reaction was
performed under microwave irradiation in DMF for 30 min and
gave a combined yield of 1.5%; thus, this second pathway did
not improve our total yield. Finally, the template method was
initiated starting from CTV-NH, 7, NDA 6 and vanillyl alcohol
(results not shown); unfortunately, the cyclization precursor of
cryptophane 1 proved to be insoluble and thus we decided not
to follow this pathway.

The purification of the crude mixture was performed by
successive silica gel column chromatography followed by size
exclusion chromatography and finally semi-preparative chiral
stationary phase HPLC (see the SI). We were pleased to find
conditions that allow separation of all diastereoisomers (syn-1
and anti-1) and enantiomers (anti-(PP) and anti-(MM)). For this,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2026
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Scheme 2 Synthesis of cryptophane 1 giving a 1:1 mixture of syn and anti-diastereoisomers using the (a) direct method: 1.0 mM, formic acid, HCl
(1 equiv.) 25 °C, 10 days, and 4.2% and (b) coupling method: 2.0 mM, DMF, 0.5 h, 45 °C then 130 °C, and 1.5%.

Table1 Optimization of the conditions for the obtention of cryptophane 1

Entry T (°C) Additives” Yield (%)

1 25 HCI (traces)” 2.5

2 25 None Not observed
3 25 HCI (1 equiv.) 4.2

4 25 HCI (12 equiv.)’ 3.4

5 25 HCI (25 equiv.) 1.3

6 25 HCI (50 equiv.) Not observed
7 25 TBACI (1 equiv.) 2.7

8 40 HCI (1 equiv.) 2.1

“ General conditions: formic acid, 1.0 mM, 25 °C, and 10 days. The
equivalents of the additives are calculated towards precursor 5. * Traces
of HCI obtained from the precipitation of precursor 2. © Added after 12
days.

a first injection was performed on a chiralpak IB N-5 column
using a DCM/EtOH mixture (3:2) as the eluent. A first eluted
fraction was obtained at 5.2 min and corresponds to one
enantiomer of anti-cryptophane 1 (Fig. 2a). The second elution
peak at 7.2 min corresponds to a mixture of the second
enantiomer of anti-cryptophane 1 and achiral syn-diastereo-
isomer 1. After the screening of several chiral stationary phases,
we managed to separate the second enantiomer of anti-
cryptophane 1 at 4.8 min and syn-cryptophane 1 at 5.9 min
using a chiral art cellulose SJ stationary phase using a DCM/
EtOH solvent mixture (1: 1) (Fig. 2b). A 1:1 diastereomeric ratio
between syn and anti diastereoisomers was obtained for the
direct method coupling, which usually tends to favor the anti
diastereoisomer.”

syn-Cryptophane 1 and anti-cryptophane 1 were fully char-
acterized by 'H, '°C, and MS techniques (Fig. $8-S11). The
"H NMR spectrum of syn-cryptophane 1 reflects its average Csp
symmetry notably by the presence of a doublet at 3.48 ppm for
H. protons, a singlet at 3.72 ppm for protons F, and two singlets
for the aromatic protons at 6.76 and 6.87 ppm for protons A
and B, respectively (Fig. 3a). The aromatic NDI protons E are
also well resolved and appear as a singlet at 8.59 ppm. The
aliphatic protons C and D coming from the linker between
the CTV, the NDI and the H, protons are observed as three

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2026
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Fig. 2 Chiral stationary phase HPLC chromatograms of cryptophane 1: (a)
Chiralpak IB N-5, DCM/EtOH 60:40, and 1 mL min~* and (b) Chiral art
cellulose SJ, DCM/EtOH 50:50, and 1 mL min~%.

multiplets between 4.2 and 4.7 ppm. The '"H NMR spectrum of
anti-cryptophane 1 closely resembles that of syn-cryptophane 1
(Fig. 3b). The H. protons can be observed as a doublet at
3.47 ppm. The singlet at 3.69 ppm corresponds to the protons
F. Protons H,, C and D appear as three multiplets between
4.25 ppm and 4.68 ppm. The aromatic protons A, B and E
resonate at 6.74 ppm, 6.83 ppm and 8.60 ppm, respectively, as
three singlets.

Unfortunately, single crystals of cryptophane 1 could not be
grown from crystallization experiments using multiple solvents
and combinations of solvents. Nevertheless, a structure for
each electron deficient cage could be optimized using DFT
calculations (PBE0-D3/def2-TZVP). The geometry optimization
was performed by imposing a C; symmetry axis, in accordance
with the "H NMR spectra in solution (Fig. 4a and b). The syn

New J. Chem.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nj01284a

Open Access Article. Published on 04 June 2026. Downloaded on 6/5/2026 12:04:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
a) F
S AB Q H.+cH
E ::\ J T H,+C+D He
I o I )VL_,‘\JL,NJ o
b)
o} N F
T S
E O| AB £ HtC+D H
A _ .__,U OJ WA U-‘e_

88 84 80 76 72 68 64 60 56 52 48 44 40 36 32 2¢f

Fig. 3 (a) *H NMR spectra of syn-cryptophane 1 (CDCls, 298 K, and
400 MHz). (b) *H NMR spectra of anti-cryptophane 1 (CDCls, 298 K, and
400 MHz).

and anti-isomers possess two distinctive conformations, and
the syn-cage has a very large cavity, delimited by the two CTVs
and the three NDI arms, with a volume of 767 A®. The anti-
isomer presents an interesting conformation showing a helical
arrangement of the NDI arms and a much smaller cavity with a
volume of 391 A%, Moreover, no stacking between the NDI units
is observed, which validates our strategy of using the CTV as a
preorganizing unit to prevent intramolecular self-assembly of
the aromatic units. Interestingly, the ECD spectra recorded for
the two enantiomers of anti-cryptophane 1 bring some informa-
tion about their conformations. First, the two ECD spectra
show mirror images confirming their enantiomeric nature.
Secondly, the presence of an ECD signal at 360 and 380 nm,
which corresponds to the absorption of NDI units, shows
the chirality induction from the chiral CTV units to the NDIs
(Fig. 4c and d). Finally, no excitonic coupling for the NDI
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signals is observed. Taken together, these elements confirm
the helicity determined by DFT calculations.

Once the two diastereomers were isolated and characterized,
their recognition properties towards anions through anion-n
interactions were investigated. Titrations were performed in
DCM at constant host concentrations and were followed by UV-
visible spectroscopy. The TBA salts were chosen in order to
avoid inclusion of the cation during titration experiments. The
binding experiments revealed efficient binding of iodide,
nitrate and tetrafluoroborate with a 1:1 stoichiometry for both
syn and anti-cryptophane 1 from K, = 10 000 + 4% (I-@syn-1) to
K, = 32000 £ 3% (NO3; @syn-1). However, only moderate
selectivity between the two diastereoisomers could be observed
(Fig. 5a). The high binding affinities for anions support our
strategy of combining several electron deficient surfaces within
a confined space to favor anion recognition. The structure of
NO; @anti-1 was optimized at the DFT level, revealing an
arrangement of the anion in the cage that is compatible with
anion-r interactions (Fig. S31). Finally, in order to gain insights
into the role of chloride during the synthesis of cryptophane,
we performed titrations of cryptophane 1 with aliquots of a
chloride solution. No significant binding could be determined
by UV-visible titrations thus excluding the template effect of
chloride during the final cyclization. However, it could be
possible that chloride acts as a template for the formation of
dimers prior to the final cyclotrimerization. Anion recognition
failed to demonstrate the differences of the two diastereoi-
somers’ conformations indicated by the DFT optimized struc-
tures. For this purpose, pyrene was chosen as an additional
guest because of its ability to generate charge transfer absorp-
tion bands in the presence of NDI receptors.*®*° Titrations were
also performed with constant host concentrations and were
followed by UV-visible spectroscopy. For syn-cryptophane 1, the
appearance of an absorption band upon titration with pyrene

o 20
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N
o
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250 300 350 400
A (nm)

Fig. 4 Optimized DFT structures of (a) syn and (b) anti-cryptophane 1 (PBEO-D3/def2-TZVP). (c) UV spectra recorded for anti-cryptophane 1. (d) ECD
spectra recorded for anti-cryptophane 1 (first eluted, blue line; second eluted red line) and syn-cryptophane 1 (black line) in DCM.
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Fig. 5 (a) Binding constants between anions and syn or anti-isomers of cryptophane 1 in DCM determined by UV-visible titrations. (b and c) Titration

experiments of cryptophane: (b) syn-cryptophane 1 (5 x 10~* M) and (c) anti-cryptophane 5 x 10™* M 1 by pyrene (5 x 1072 M) at constant host
concentrations in DCM. Arrows show the variation of absorbance upon titration.

between 450 nm and 650 nm is characteristic of a charge
transfer; however, the binding constant is very low K, = 11 £
2% (Fig. 5b). The observation of the charge transfer with a very
low binding constant could be due to the large cavity volume of
syn-cryptophane 1. On the other hand, the titration of anti-
cryptophane 1 by pyrene gives a different profile, with a weaker
charge transfer absorption band between 450 nm and 550 nm
together with an isosbestic point at 570 nm which clearly
demonstrates the equilibrium between the bound and unbound
pyrene (Fig. 5¢). The binding constant here is K, = 91 + 4% for a
1:1 stoichiometry. Thus, pyrene shows two different binding
profiles towards syn and anti-cryptophanes 1, which indicates
that two different binding cavities are present.

Conclusions

This work aimed at developing an electron deficient cavity by
developing NDI-cryptophanes for the recognition of anions.
Through tedious synthesis and purification, we finally mana-
ged to synthesize and isolate the two diastereoisomers of
cryptophane 1. DFT optimization coupled with "H NMR and
ECD spectra gave valuable insights into the conformations of
these two covalent cages. While the syn cryptophane exhibits a
large cavity, anti-cryptophane 1 shows a helical arrangement of
the NDI units originating from an induced chirality from the
CTV units. In order to differentiate the two hosts, pyrene
titrations were performed, which showed two distinct beha-
viors. Finally, anion titrations display high binding constants
between the cage receptors and the guests as a result of anion-n
interactions. NDI-cryptophanes appear as promising electron
deficient receptors for their incorporation as catalysts in
anion-n catalysis or as receptors within smart materials and
electronics.
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