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A series of valine functionalized supramolecular hypervalent iodine macrocycles (HIMs) with enlarged

aromatic cores, including naphthalene and anthraquinone, have been synthesized. Single crystal analysis

shows the macrocycles consist of a slightly distorted cyclic planner interior with three carbonyl oxygens from
the amino acid residues facing towards the center of the macrocycle and all three alkyl groups above one
plane. Owing to the enlarged aromatic core, the naphthalene-based HIMs were successfully co-crystallized
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with Buckminsterfullerene (Cgg) into a long-range columnar supramolecular structure. The assembled
architecture displays a long-range pattern between HIM and Cgo in a 2: 3 ratio, respectively. Disassembly of
the HIMs can be accomplished by adding anions of tetrabutylammonium (TBA) salts that selectively bind with

the electron deficient iodine center in HIM systems. A comparative study of the associations constants and
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Introduction

Supramolecular chemistry involves molecular recognition
through noncovalent interactions in small molecules that enable
self-assembly into higher order structures for a broad range of
applications in physical and biological sciences.' Self-assembly
is often mediated by weak non-covalent intermolecular forces
such as hydrogen bonding, metal coordination, hydrophobic
forces, van der Waals forces, pi-pi interactions, and electrostatic
effects.>® As an alternative, the additional intermolecular hyper-
valent interactions known as secondary bonding, could contri-
bute to new classes of stable supramolecular structures.’
Secondary bonding shares structural features with hydrogen
bonding and this bonding plays a paramount role in the self-
assembly of monomers into intricate supramolecular architec-
tures based on hypervalent iodine.”” Our research is interested
in harnessing hypervalent iodine’s secondary bonding as an
alternative to conventional non-covalent interactions for the
synthesis of higher order supramolecular assemblies.

The term ‘“hypervalency” is defined as the ability of an atom
to expand its valence shell beyond the limits of the Lewis octet
rule.® Among several atoms capable of hypervalency, hypervalent
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the binding energies for different aromatic-based HIMs with TBA(Cl) and TBA(Br) is presented.

iodine-based molecules are the most widely studied due to their
unique reactivities, low toxicity, high stability, ease of handling, and
economical advantages over heavy metal reagents.”'® Secondary
bonding is characterized as those interactions that involve inter-
molecular hypervalent connections with lengths shorter than the
sum of the van der Waals radii between a heavy p-block element
and an electron pair donor (typically O, N, S, or halogen)."*

One variation of hypervalent iodine exists as A’-iodanes
where the iodine atom contains a total of 10 electrons, classify-
ing them under the 10-I-3 nomenclature as shown in Fig. 1.
These compounds exhibit a distorted trigonal bipyramidal
geometry, with two heteroatom ligands (X) positioned at the
apical positions, while the least electronegative carbon ligand
(R) and both electron pairs are situated equatorially. This
configuration results in a distinct T-shaped geometry, crucial
for stabilizing hypervalent iodine systems.'? The two X ligands
are linearly attached to a single 5p orbital, forming a 3-center-4-
electron (3c-4e) bond system."* In this arrangement, the
bond length of one heteroatom with the iodine is influenced
by the bond strength of the other heteroatom."®

Various studies®”'>'” have highlighted the use of secondary
bonding interactions (a fourth association at the iodine center)
between iodine and oxygen in the development of hypervalent
iodine-based materials. In 1991, Ochiai'” synthesized the first
supramolecular structure of this kind, a macrocycle derived
from 1-alkynyl-1,2-benziodoxol(1H)-ones (Fig. 1), demonstrat-
ing the importance of secondary bonds between hypervalent
iodine and adjacent carbonyl oxygen facilitating the assembly

This journal is © The Royal Society of Chemistry 2025
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Fig.1 (A) “T" shaped bonding in A*-iodanes (left), Selected previous
examples of HIMs: Ochai; 1991 (middle), Zhdankin and Tykwinski; 2001
(right). (B) Our previous work: assembly and disassembly of HIMs through
anion coordination. (C) This work: supramolecular assembly of pi extended
HIMs and their assembly with Buckminsterfullerene.

of monomer into a trimeric structure. This concept was furth-
ered in 2001 by Zhdankin and Tykwinski® where amino-acid
based hypervalent iodine macrocycles (HIMs) were prepared via
the self-assembly of three oxidized benziodazoles (Fig. 1) to give
a hypervalent iodine macrocycle (HIM). This discovery high-
lights the significance of secondary bonding interactions in the
synthesis of HIM-based supramolecular architectures.

In previous work'® (Fig. 1B), analogs of HIMs were synthe-
sized and their dynamic nature in solution was demonstrated
through the reversable disassembly and re-assembly by addi-
tion or removal of anions such as chloride, bromide, fluoride
and cyanide, respectively. Furthermore, it was found that the
HIMs are dynamic in the absence of additional anions and HIM
monomers can exchange with other macrocycles to participate
in dynamic covalent chemistry based on secondary bonding in
these systems.

In this contribution (Fig. 1C), it was found that larger
aromatic cores in the HIM systems enable additional supramo-
lecular assemblies involving pi-stacking. HIMs with larger
aromatic cores including naphthalene and anthraquinone were
prepared. This study explores that naphthalene-based HIMs co-
assemble with Cg, forming ordered crystals with a HIM: Cg,
ratio of 2: 3, which is enabled by pi-pi interactions between the
two species and leads to long range order. Lastly, we have
experimentally and computationally compared the association
constants of tetrabutylammonium anion salts with the hyper-
valent iodine center in the three different HIMs systems. An
initial version of this work was deposited in ChemRxiv on
October 3, 2024.%°

This journal is © The Royal Society of Chemistry 2025

Journal of Materials Chemistry C

Results and discussion

The synthesis of the new HIM systems followed a similar
procedure to our previous work with benzene based HIMs 6a
(Scheme 1).%'® Starting materials based on naphthalene 1b and
anthraquinone 1c were synthesized via previously developed
protocols.””*" The HIM precursors were then synthesized by
combining 1a-c with the commercially available r-valine ter-
tiary butyl ester hydrochloride 2 via a EDC-HCI and HOBt based
amide coupling reaction to give intermediates 3a-c¢ in good
yields. These intermediates were deprotected with trifluoracetic
acid to give HIM precursors 4a-c. The synthesis of the final
HIMs with benzene (6a), naphthalene (6b), and anthraquinone
(6¢) were accomplished by oxidation of intermediates 4a-c with
3-chloroperbenzoic acid (Scheme 1). The final HIM macrocycles
are obtained following a rearrangement on the secondary
bonds of intermediate macrocycles 5a-c. The final HIM struc-
tures were fully characterized by 'H and *C NMR spectroscopy
and high-resolution mass spectrometry (HRMS). In addition,
the structure of the new valine-based naphthalene HIM 6b was
further confirmed by single crystal x-ray diffraction analysis
(Fig. 2). The single crystal of 6b suitable for X-ray crystal-
lography was obtained by vapor diffusion of diethyl ether into
a chloroform solution of 6b. Analogous to the previously
reported single crystal structure of valine HIM 6a,'® the resulting
crystal structure reveals that 6b is a distorted planner macro-
cyclic system with the amino acids carbonyl oxygens facing
inside the ring. All three isopropyl groups are located above a
single plane (Fig. 2).

To compare the photophysical properties of HIMs based on
benzene 6a, naphthalene 6b and anthraquinone 6c¢ systems,
solution-based UV-vis spectroscopy and fluorescence spectro-
scopy were used. The solution-based UV-vis spectra of the HIMs
(6a-c) are shown Fig. 3. As expected, an overall red-shift is
observed upon enlarging the aromatic core from benzene to
naphthalene to anthraquinone. A sharp high energy absorption
band centered at ~240 nm is observed for all three HIMs. HIM
6c is most red shifted with onset of absorption at 390 nm, while
the longest wavelength absorptions of 6a and 6b were 365 nm
and 351 nm, respectively. Solutions of the HIM compounds
showed no discernable fluorescence properties (Fig. S14, ESIt)
and is most likely owing to the heavy atom effect of the iodine.

The notable assembly between different classes of supra-
molecular macrocycles with fullerenes such as Ceo and Cy, is well
documented.””>’ Research into the organization of supramole-
cular assemblies with fullerenes is rapidly emerging and hold
promise for applications in sensing,®® chemical separation,”
organic electronics,*® photovoltaics,>" semiconductors,*” and light
energy harvesting devices* to name few. Because of these surpris-
ing applications in material sciences, Cq, is becoming a special
guest for several supramolecular hosts. While most of the supra-
molecular hosts for fullerene are assembled through traditional
non-covalent interactions, self-assembly of fullerene with HIMs
based on secondary bonding could be another approach to
investigate the supramolecular host guest chemistry for material
science applications. Therefore, Cso, was chosen for this study
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Scheme 1 Synthesis of amino acid based hypervalent iodine macrocycle in haphthalene and anthraquinone system?. ? Rearrangement of secondary
bonding gives the more stable “T" binding motif around hypervalent iodine leads to a stabilized macrocycle.

Fig. 2 Crystal structure of HIM 6b. Thermal ellipsoids drawn at 50%
probablity.

owing to its ability to form n—r stacking with n-extended aromatics
to form new supramolecular architecture and ease of crystal
growth. We hypothesized that introducing larger conjugated
systems such as naphthalene and anthracene into HIM frame-
work could provide an opportunity for self-assembly with full-
erenes such as Cg, via m-n interactions.

First, the co-assembly of HIMs with Cg, was investigated
through NMR titrations. The NMR data (Fig. S1, ESIt), demon-
strated that an excess of Cgo led to a small downfield shift for
one of the aromatic singlets. Similar shifting was also noticed
for the valine methyl peak within the aliphatic region. While
the signal shifts were small, they did suggest some association

844 | J Mater. Chem. C, 2025, 13, 842-848

1.2
1
8
g 08
=
s 6a
2 0.6
-§ —6b
= 0.4
g 6c
S
S 0.2 J
0
220 250 280 310 340 370 400

Wavelength, nm

Fig. 3 Absorbance spectra of HIM 6a—6c (3.6 uM in chloroform).

in solution between the two species. Multiple crystallographic
experiments were conducted with a saturated solution of Cgp
and various HIMs using a series of solvents via both slow
evaporation and vapor diffusion methods. However, attempts
to grow co-crystals of HIM 6a with Cg, were unsuccessful,
resulting instead in well-diffracting crystals of a Cg, diethyl
ether solvate.** large dark red crystals were
obtained from the co-crystallization of 6b and Cgo. The mole-
cular structure of these crystals, grown from a chloroform and

However,

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Crystal packing of 6b/Ceq complex resulted from n—m interactions
between aromatic residue of HIM and fullerene.

1,2-dichlorobenzene mixture with vapor diffusion of diethyl
ether, revealed the formation of an interdigitated supramole-
cular complex between the 6b and Ce, (Fig. 4).

The 6b/Cq, crystalized in monoclinic crystal system with space
group P2;. The new supramolecular crystal structure comprises of
6b and Cg in a 2:3 ratio, wherein 6b and Cg, organize into a
repeating pattern of FHHFHHF (F = fullerene and H = HIM) as
shown in Fig. 5. This complex also demonstrates a host-guest
interaction, with the HIMs serving as the host molecule, accom-
modating multiple fullerene Cq, guest molecules in an organized
fashion. The main driving forces governing this assembly are
intermolecular n-r interactions, particularly between naphthalene-
naphthalene and naphthalene-fullerene pairs. It is noteworthy that
the crystal packing of the co-crystal of HIM 6b and fullerene in a
2:3 ratio reveals prominent m-stacking interactions between
two naphthalene units (Fig. S2, ESIt), with specific stacking
distances observed at 3.409 A for C11-C27 and 3.332 A for

m

Fig. 5 Organization of HIM and Cgo in co-crystalline complex Top)
general packing arrangement, bottom) 3D representation.

This journal is © The Royal Society of Chemistry 2025
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C12-C134:3.125A
C11-C134:3.153A

Fig. 6 Crystal structure of complex showing m-m stacking between
naphthalene and Cep.

C12-C22. (Table S1, ESIt). Furthermore, the n-n stacking inter-
actions between HIM 6b and Cg, is substantiated by robust
interactions between the naphthalene moiety and fullerene
(Fig. 6 and Table 1). Notably, the stacking distances of 3.125 A
between C12-C134 and 3.153 A between C11-C134 (Table 1)
highlight these strong m-n stacking bonds. The other m-n
stacking interactions between carbon atoms of naphthalene
and fullerene are listed in Table 1 and range from 3.125 A to
3.515 A.**® Additional details on the n-7 stacking interactions
between naphthalene-fullerene pairs are provided in the ESI}
(Fig. S3). Previously, it has been demonstrated 6a could rever-
sibly bind anions that led to the disassembly of the macrocyclic
structures. As a comparison, we analyzed anion binding in the
new larger 6b and 6c. The ability of the HIM 6b and 6c to bind
certain anions were assessed by means of an 'H NMR titration
with tetrabutylammonium chloride TBA(CI) in CDCl;. (Fig. 7,
additional data points are provided in ESIf). In the titration
spectra of HIM 6b with TBA(CI), significant spectral changes are
observed where aromatic protons of HIM 6b (d-i) transformed
into a new set of signals (&’-i’). The original protons associated
with HIM 6b were no longer visible in the spectra upon the
addition of approximately 1.8 equivalents of TBA(CI). A similar
trend was identified in the NMR titration experiment of 6b with
TBA(BI). It is noteworthy that the emergence of the new species
occurred with the addition of approximately 0.9 equivalents of

Table 1 Pi-Pi stacking distances between HIM 6b- and Cgg

Carbon atoms Pi-Pi stacking distance (A)

C11-C134 3.153
C6-C132 3.478
C12-C134 3.125
C43-C172 3.198
C38-C172 3.515
C22-C110 3.426
C28-C114 3.171
C22-C65 3.378
C27-C65 3.320

J. Mater. Chem. C, 2025, 13, 842-848 | 845
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TBA(CI) for HIM 6a,'® whereas for HIM 6b, this transformation
was observed with considerably more TBA(CI) (1.8 equivalents).
Similar to what was seen in HIM 6a and 6b, HIM 6c was also able
to be completely transformed into the new species with the
addition of approximately 1.6 and 4 equivalents of TBA(CI) and
TBA(Br), respectively (Fig. S8 and S9, ESIf). Analogous to our
previous report,'® a monomeric species (6b-adduct) was identified
by X-ray crystallography with the chloride ion associated to the
electron deficient iodine atom via I-Cl bond and one tetraethy-
lammonium cation is present per naphthalene monomer (Fig. 8).

The nature of the I-Cl bond was probed by conducting a
reversibility experiment where silver nitrate was added to a HIM
6b/TBA(CI) solution. Silver nitrate was found to competitively
coordinate the chloride anion forming silver chloride, therefore
enabling the monomer to reassemble into the original HIM
structures (Fig. 8). This experiment was confirmed by NMR
spectroscopy where the addition of silver nitrate to an NMR
solution of adduct followed by the removal of the precipitate
results in an identical NMR spectrum compared to that of
original HIM 6b prior to the addition of anion. This finding
demonstrates all three systems display the same unique type of
dynamic equilibrium and reversibility. (Scheme S1 and S2, ESIY).

TBA(NO3)
6b

Paper

Binding constants of the monomer anion-complex (H-G)
were estimated through NMR titration data. Although the host
to guest (TBA salt) ratio can be determined using accurate
volumetric measurements, this approach is susceptible to error
propagation. Instead, we relied on the integration of the eight
a-amino protons of the tetrabutylammonium cation relative to
two reference protons from the monomer (fixed concentration).
After establishing the Hy/Gy ratio, the concentration of the H-G
complex was determined. To do this, the same reference peak
from the TBA analysis integrated and compared to the adduct
peak to determine the concentration.

To quantify the associative process of the monomer-anion
complex, the NMR titration data were fitted using a 1:1 model
of monomer to salt (Fig. 9), consistent with the crystallographic
evidence confirming the formation of a 1:1 H. G complex.
Based on these titration data, satisfactory fits were achieved for
6b and 6c with both TBA(CI) and TBA(Br) salts. The association
constants corresponding to the binding of the monomer of 6b
with TBA(CI) and TBA(Br) were calculated to be 617 M~ and
202 M ' respectively. For 6¢, the binding constants with
TBA(CI) and TBA(Br) are found to be 2871 M™" and 770 M~ ",
respectively. The calculated associations constants for the
monomer of 6a with TBA(C1) and TBA(Br) were previously found
to be 930 M~ and 400 M *, respectively.'® These data demon-
strate that the anion association is highest for 6¢ and lowest for
6b. The magnitude of the association constant is directly
related to the strength of the I-X bond, where X represents
the anion directly bonded to iodine.

The variations in association constants of anions with
different HIMs monomer (6a-c) is attributed with the structural
variations in the benzene, naphthalene and the anthraquinone
within the HIM framework. DFT calculations were performed to
investigate the change in association constants in these sys-
tems (Table 2). The relatively high Ka value observed for
chloride for 6¢ in comparison to HIM monomer 6a and 6b is
presumed to result from the electron withdrawing inductive
effect of two carbonyl groups in anthraquinone that makes the
iodine atom more electropositive, consequently increasing the
association constants for chloride ion. To gain further insight
into the variable binding constants, the binding energies of

ap
b'_ a
g n 9 ! ‘
490 ,
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f i /l’

Cl ()
:h"'d
6b- adduct ¢% .’
-

Fig. 8 Left) Scheme of 6b disassembly and reassembly by addition/removal of chloride anion. The HIM can reform when AgNO3 is added to coordinate
the chloride anion. Right) Crystal structure of 6b adduct showing the |-Cl bond that disrupts the secondary bonding self-assembly in the macrocycle.
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Table 2 Relative Binding energies and constants of HIM monomer 6a—6c
with chloride and bromide. The details of binding energies and constants
are provided in ESI

HIM monomer Relative binding Charge Charge Binding con-
+ TBA(X) energy (Kfmol ") I(e7) X(e) stant(M )*
6a-Cl +4 1.073 —0.707 900
6b-Cl +4.6 1.074 —-0.706 617
6¢-Cl 0 1.102  —0.689 2871
6a-Br +4.8 1.044  —0.655 400
6b-Br +5 1.044  —0.653 202
6¢-Br 0 1.073 —-0.635 770

“ The asymptotic error is calculated at the 95% confidence interval level.*®

different HIM monomers (6a-6c¢) with both chloride and bro-
mide anions were calculated (Table 1). The binding energies
were analyzed in terms of relative binding energy assigning
0 KJ mol™ ' for most stable HIM monomer 6c-Cl and HIM
monomer 6¢-Br. The details of DFT calculations are provided
in ESLt The higher binding constant for chloride for 6c¢ is
supported by observing the 6c-Cl is more stable than 6b-Cl and
6a-Cl by 4.6 K] mol " and 4 KJ mol ", respectively. The calcu-
lated charge of the iodine atom and the anion atoms support the
general binding constant trends with greater charge found on
the iodine for 6c. Notably, the binding constant magnitude
correlated with the strength of the respective I-X bond, where
X denotes the anion directly attached to the iodine.

Conclusions

In summary, three variations of HIMs incorporating benzene,
naphthalene, and anthraquinone have been synthesized. We
report a new supramolecular assembly between 6b and Cg, and
that the new macrocycles are capable of reversible assembly
owing to anion association and dissociation, respectively.
Lastly, analysis of the association constants reveals that the
HIM aromatic structure can dictate the binding affinity with
anions. These results open the avenue for the incorporation of
the longer wavelength absorbing conjugated chromophore in

This journal is © The Royal Society of Chemistry 2025
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the HIM framework. This enhancement will not only improve
the photophysical properties but also could enable the rational
design of chiral hosts for the molecular recognition and separa-
tion of higher fullerene species. Additionally, these data indicate
the possibility of HIMs as promising candidates for fabricating
ions sensing devices for material science applications.
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