Open Access Article. Published on 11 November 2024. Downloaded on 4/4/2026 12:55:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2024, 14, 35980

Received 4th October 2024
Accepted 1st November 2024

DOI: 10.1039/d4ra07150f

rsc.li/rsc-advances

1. Introduction

Complexes between 2,2'-azobis(2-
methylpropionamidine) dihydrochloride (AAPH)
and cucurbit[n]uril hosts modulate the yield and
fate of photolytically-generated AAPH radicalst

Angie C. Forero—Giro’n,@j;a Mauricio OyarzUn,@ia Kevin Droguett,@a

Denis Fuentealba, 2 Soledad Gutiérrez-Oliva,? Barbara Herrera, &2 Alejandro Toro-
Labbé,? Eduardo Fuentes-Lemus, ©° Michael J. Davies, ©° Camilo Lopez-

Alarcon ©*2 and Margarita E. Aliaga & *

Using theoretical and experimental tools we investigated the recognition of AAPH (2,2'-azobis(2-
methylpropionamidine) dihydrochloride), a well-known water-soluble azo-compound employed as
a source of peroxyl radicals, by cucurbit[6]uril (CB[6]), and cucurbit[8]uril (CB[8]). Density functional
theory calculations and isothermal titration calorimetry experiments demonstrated that AAPH was not
included in the cavity of CBI[6], however, an exclusion complex was generated. Inclusion of AAPH in the
CBI8] cavity was favored, forming stable inclusion complexes at 1:1 and 2 : 1 stoichiometries; AAPHQCB
[8] and 2AAPH@CBI8], respectively. Radical formation upon photolytic cleavage of AAPH was examined
theoretically, and by spin trapping with electron paramagnetic resonance. The radical yields detected
with uncomplexed (free) AAPH and the AAPH-CBI6] (exclusion) complex were identical, whereas
a marked decrease was shown for AAPH@CBI[8]. Lower decreases were seen with a bimolecular (2:1)
AAPH-CBI[8] inclusion complex (2AAPH@CBI[8]). This modulation was corroborated by the consumption
of pyrogallol red (PGR), an oxidizable dye that does not associate with CB[6] or CBI[8]. AAPH-CBI[6] and
2AAPH@CBI8] did not significantly modify the initial consumption rate (Ri) of PGR, whereas AAPH@CBI[8]
decreased this. The oxidative consumption of free Trp, Gly—Trp and Trp—Gly by radicals derived from
AAPH in the presence of CBI[8] showed a dependence on the association of the targets with CB[8].

the case of CB[6] and CB[8], the vertical gate-to-gate distance is
~9.2 A, with the cavity diameters being 6.1 and 8.9 A, respec-

Cucurbit[n]urils (CB[n]) are macrocyclic hosts consisting of n
glycoluril monomers bridged by 2n methylene units, resulting
in a ‘hollow pumpkin’like shape. CB[n] have two identical
portals (gates) containing hydrophilic carbonyl groups which
exhibit partial negative charges in neutral aqueous media.
These gates control the entrance to a hydrophobic cavity where
guests and solvent molecules can be included.' The number of
glycoluril monomers contained in CB[n] determines the size of
the cavity and the type of the guests that can be included within
the structure, with medium-sized CB[n], such as CB[6], CB[7],
and CB[8], offering advantages over larger and smaller CB[#]. In
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tively (Fig. 1).

These hosts have versatile properties and well-known
mechanisms for inclusion of hydrophobic guests,” involving
the displacement of high-energy molecules of water improving
the association of a variety of guests, as inferred from their re-
ported constants.>* The inclusion of species inside CB[6] or CB
[8] not only depends on the size and properties of CB[n], but also
the size, shape and physicochemical characteristics of the guest
compounds.>®” Mecozzi and Rebek® reported that binding
between CB[n] and guests is usually maximal when the guest
volume comprises ~55% of the inner cavity of CB[x]. In line
with this, packing coefficients of ~50% of guests for CB[6], CB
[7] and CB[8] complexes, were reported by Nau et al.> More
recently, using computational tools (based on the combination
of molecular dynamic simulations and 3-dimensional reference
interaction site model theory), Chiangraeng et al.® investigated
the role that water molecules play in the binding of guests to CB
[n]. These authors showed that water molecules were released
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Fig. 1 Illustrations of the structures of CB[6], CB[7], CB[8] and AAPH. In each structure dimensions are indicated, which were calculated using

Multifwn considering the van der Waals radii (H 1.2, C 1.70, N 1.55, O 1.52).

from the cavity of CB[6] as a consequence of guest inclusion,
generating a fully dehydrated cavity.’

Inclusion of a variety of compounds has been reported for CB
[7],*** with these mainly being 1 : 1 complexes. In contrast, for
the larger homologue CB[8], 1:1, 2:1 and 2:2 guest-host
stoichiometries have been reported. The 2:1 and 2:2
complexes have been rationalized by the formation of m-stacked
or charge transfer pairs in the cavities.”>** Inclusion complexes
with CB[6], which has a smaller cavity, has been reported only
for small compounds such as alkyl- and aryl-substituted
ammonium ions.'®"” Thus, favorable inclusion of N-butyl-
amine (length, 4.9 A) inside CB[6] (cavity height 9.1 A) has been
reported.””*® However, larger derivatives, such as
pentylammonium ion [(CH;);CCH,NH; '], only associate weakly
with CB[6], with this species forming exclusion complexes
involving interactions with the external face of the CB[6] gates.
Size exclusion effects have also been reported for 2,3-
diazabicyclo[2.2.2]oct-2-ene (DBO) which is not included in CB
[6], whereas the smaller homologue, 2,3-diazabicyclo[2.2.1]
hept-2-ene (DBH), forms an inclusion complex with a binding
constant of ~1300 M~ ".** In contrast, the binding of DBO in the
cavity of CB[7] is more than one order of magnitude stronger
than DBH.*

The guest-host complexes generated with CB[7] or CB[8]
have been used to tune the redox reactions of radicals as a result
of stabilization or activation effects.?** Recently, the inclusion
of AAPH (2,2"-azobis(2-methylpropionamidine) dihydro-
chloride), a cationic and hydrophilic azo compound, that has
been commonly employed as source of peroxyl radicals (ROO°),
into the cavity of CB[7] has been reported.”® A 1:1

neo-

© 2024 The Author(s). Published by the Royal Society of Chemistry

supramolecular inclusion complex (AAPH@CB[7]) has been
characterized with the generation of this species arising from
specific interactions between the amino groups of AAPH, which
are protonated (positively charged) at pH 7.4, and the carbonyl
functional groups of the CB[7] portals (K}, 2.86 x 10° M~ ').?* The
height of CB[7] (9.2 A, Fig. 1) and the distance between the
extremes (positive amino groups of AAPH, ~12.3 A, Fig. 1) are
compatible with noncovalent interactions and formation of the
complex. Subsequent homolytic cleavage of the central C-N
bonds of AAPH induced by light exposure within the AAPH@CB
[7] complex resulted in higher yields of peroxyl radicals when
compared to free (uncomplexed) AAPH. This phenomenon was
rationalized by theoretical data indicating favorable interac-
tions with AAPH-derived carbon-centered radicals (R") within
the AAPH@CB[7] complex,® as well as for other azo
compounds,** opening novel applications of CB[r] in modu-
lating radical reactions.

This study examines whether similar effects occur with CB[6]
and CB[8] which have smaller and larger cavities than CB[7]
respectively. AAPH-CB[n] interactions, and subsequent
photolytically-induced radical formation from AAPH, were
studied by isothermal calorimetry titration (ITC), computa-
tional methods, electron paramagnetic resonance (EPR) spin
trapping, and the oxidation of the redox-sensitive dye pyrogallol
red (PGR), free tryptophan (Trp) and Trp-derived peptides. The
data obtained indicate that the formation of AAPH-CB[n]
complexes can modulate radical yields and allow delicate
tuning of radical yields and redox processes in confined envi-
ronments, with multiple applications.

RSC Adv, 2024, 14, 35980-35991 | 35981
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2. Materials and methods
2.1 Sample preparation

All solvents, chemicals and reagents were obtained from Sigma-
Aldrich and used as received. Stock solutions of CB[6] and CB[8]
were prepared in ultrapure (Milli-Q) water. Final concentrations
of CB[8] were determined by titrating the macrocycle by UV-vis
spectroscopy, against known concentrations of the cobaltoce-
nium cation (Cob").?® Stock solutions of AAPH (0.1-5 mM),
pyrogallol red (PGR, 1 mM), free tryptophan (Trp, 2 mM), Gly-
Trp and Trp-Gly (1-2 mM) were prepared every day in 10 mM
phosphate buffer, pH 7.4.

2.2 Isothermal titration calorimetry (ITC)

Microcalorimetric data were obtained using a PEAQ-ITC
instrument (Malvern Panalytical), following the procedure
described in ref. 23 Briefly, the binding heats between CB[n] and
AAPH, PGR, Trp and peptides were studied in 10 mM phosphate
buffer (pH 7.4) at 25 °C, and thermodynamic parameters
determined with 15-30 injections of 2 nL of titrant solution over
the titrate. Injections containing AAPH, PGR, Trp, or peptides
(1-2 mM) were added to 0.15 mM CB[6] or 0.06-0.07 mM CBJ[8].
The heats of reactions were corrected with basal signals ob-
tained by adding the titrated compounds to phosphate buffer.*
Data were processed using software supplied with the PEAQ-ITC
instrument and the integrated heat data were further processed
using ITC data-fitting software.

2.3 Photochemical and spectroscopic experiments

Solutions (1 mL volume) containing 100-200 uM AAPH with or
without 100 pM CB[6] or CB[8], were prepared in 10 mM
phosphate buffer (pH 7.4), and placed in a quartz cuvette
(optical path length 0.3 cm) within a photoreactor (Luzchem
Research) equipped with 7 LEDs which generate UV light
centered at 365 nm. Solutions were illuminated for 10 min with
constant stirring. In specific experiments, PGR (30-500 pM), Trp
or peptides (100 uM), were also included. At specific time
points, absorption spectra of AAPH, AAPH@CB([8] complexes or
PGR were measured using a Hewlett Packard Agilent 8453
spectrometer. Experiments carried out in the presence of Trp
and peptides were followed using the intrinsic fluorescence of
Trp, with Aex 280 nm and emission recorded between 300 and
450 nm using a Fluoromax-4C (Horiba Scientific) instrument.
All data were obtained at 25 °C.

2.4 EPR measurements

EPR experiments were developed as reported in ref. 23 with
minimal changes. Briefly, 200 mM PBN plus 100 or 200 pM
AAPH solutions were irradiated at 365 nm (at 25 °C) without or
with 100 uM CB[6] or CB[8]. Aliquots were removed at the
required time points and placed in capillary tubes, with the EPR
spectra of the generated spin adducts recorded using a Bruker
EMX spectrometer with the following instrument settings:
modulation amplitude 0.1 mT, attenuation 10 dB, microwave
power 19 mW, a time constant of 10.24 ms, the center field set to
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0.3507 T with a sweep width of 10 mT, and a microwave
frequency of 9.84 GHz.

2.5 NMR experiments

Solutions of CB[8], AAPH, and a 2:1 (AAPH:CB[8]) mixture,
prepared in D,0, were exposed to 365 nm light for 12 min and
'H NMR spectra recorded (62 scans) using a Bruker Avance-200
spectrometer. Non-illuminated solutions were employed as
controls and "H NMR registered under the same setup.

2.6 Computational methods

Structures of CB[6], CB[8], AAPH and the corresponding
complexes were optimized using B3LYP-D3(BJ)/6-311G(d,p)
level theory in the gas phase, and in water using the Polariz-
able Continuum Model (PCM) to take account of solvent effects
(e =78.36).>°3° The B3LYP hybrid function has been widely used
to study the structure of CB[r]s and inclusion complexes and
has been shown to generate results in agreement with experi-
mental data.>***> The dispersion effects were considered in
calculations using the Grimme's dispersion with Becke-John-
son damping D3(BJ).>* The optimized structures of CB[6], CB
[7]?* and CB[8] were compared to previous crystallographic
data.**** The average of root-mean square distances (RMSDs) in
all atoms was calculated using Chemcraft software.** The
starting geometries for the complexes were obtained by putting
the optimized structure of the guest (AAPH) inside the opti-
mized structure of the macrocycles. Then, the structure of the
inclusion complex was optimized and checked with a frequency
calculation. The structure of AAPH-derived radicals (R’) and
2,2,3,3-tetramethylbutane-1,4-bisamidine ~ (the = compound
generated by self-reaction of two R’) were investigated as
inclusion species inside CB[8]. These structures were obtained
after photolytic dissociation of the central C-N bonds of one or
two AAPH molecules inside the CB[8] cavity, from either
AAPH®@CB[8] or 2AAPH@CB[8] complexes (1:1 and 2: 1 for the
AAPH : CB[8] ratios) and then optimized to give a minimum of
energy. All calculations were carried out using the Gaussian 16
software package and atomic charges were obtained from
analysis of NBO.*”*® Atomic coordinates of the optimized
structures are reported in Table S1.T Analysis of non-covalent
interactions (NCI) between CB[n]s and AAPH were obtained
using the NCIPLOT software package.*® NCI is an index that
identifies favorable and unfavorable non-covalent interactions
through a code color. Regions in blue, red, and green represent
strong attractive interactions (i.e. dipole-dipole interactions or
hydrogen bonds), repulsive interactions (steric effects), and
weak interactions (van der Waals), respectively. Definition of
a hydrogen bond considered geometrical parameters (the pair-
wise distance in the range of 1.84-2.19 A and the angle
between the hydrogen bond donor and the hydrogen bond
acceptor from 115° to 167°), as well as the results of the NCI.

2.7 Statistics

Experimental results are given as means (+SD) of data obtained
from at least 3 independent experiments each of which was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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carried out in triplicate. Figures were generated using OriginPro
software.

3. Results and discussion
3.1 Association of AAPH with CB[6] and CB[8]

Characterization of the inclusion complexes between AAPH and
CB[6] and CB[8], was carried out using isothermal titration
calorimetry (ITC). The ITC data (Fig. S1f) did not provide
evidence of an inclusion complex between AAPH and CB[6],
probably due to the small cavity size of this macrocycle. In
contrast, the ITC data showed the formation of an inclusion
complex with CB[8] with a 2:1 (AAPH: CB[8]) stoichiometry
(Fig. 2). The variation point at a molar ratio of 1.0 was reported
for the complex AAPH@CB([7];*® while this point was observed at
a molar ratio of 0.5 ([CB[8]]/[AAPH] = 0.5) evidencing the
formation of a complex with a 2: 1 stoichiometry (JAAPH]: [CB
[8]], 2AAPH®CB][8]).

The dimensions of the CB[8] cavity (Fig. 1), which is
comparable to that of y-cyclodextrin,*® allow the encapsulation
of 2 guest molecules, to form stable (2:1; guest:host)
complexes, as reported previously.** The thermodynamic
parameters determined for the inclusion of AAPH and CB[8]
were AH = (—0.78 + 0.59) kcal mol™'; TAS = (7.86 +
0.53) kecal mol ™', and AG = (—8.64 & 0.27) kcal mol . These
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Fig.2 Illustrative enthalpogram for the interaction of AAPH with CBI[8]

in 10 mM phosphate buffer (pH 7.4) at 25 °C. (panel A) Exothermic heat
flows generated as a result of multiple repeated injections of 2 puL of
a 2.0 mM AAPH solution into a 100 uM CBI8] solution. (panel B) Plots of
the integrated heat data presented as a function of the molar ratio of
titrant and titrated components. The control samples consisted of
repeat injections of the buffer solution into a CBI[8] solution giving heat
flows accounting for dilution effects.
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parameters lead to a binding constant K;, = (3.19 + 1.28) x 10°
M™'; with N = 1.96 + 0.05 sites. These data are consistent with
the binding through an exergonic process with a lesser contri-
bution of enthalpy in comparison to that reported for CB[7].2**
To obtain a deeper understanding of the inclusion complexes
between AAPH and CB[6] and CB[8], computational calculations
were performed and compared to those previously reported for
the complex between AAPH and CB[7] (AAPH@CB[7]).*® The
optimized structures of CB[6], CB[7], and CB[8] isolated pre-
sented RMSD values of 0.13 A, 0.14 A, and 0.17 A, respectively,
when compared to crystal structure.**** In the light of this data,
inclusion of AAPH inside the CB[6] and CB[8] was theoretically
evaluated using the same level of theory as employed previously
for the AAPH@CB[7] complex.”® In agreement with the ITC
results, these calculations did not show inclusion of AAPH
inside the cavity of CB[6] (Fig. 3A). Only an exclusion complex

(A)

(B)

(k W
=2

/]
i

v"“ i ‘

b \

Fig. 3 Structure of the complexes formed of AAPH with CB[6] and CB
[8]. (panel A) Depicts the exclusion complex between AAPH and CBI6]
(AAPH-CBI6]), while (panel B and C) show the inclusion complex of
AAPH and CBI8], at 1:1 (AAPH@CBI8]) and 2:1 (2AAPH@CBI8]) stoi-
chiometries, respectively.
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(AAPH-CBJ[6]) was found where one of the amidine groups of
AAPH interacts with the outside region of the CB[6] portals. The
formation of the exclusion complex showed a AGy =
—10.0 keal mol™" in water (AG; = —83.7 keal mol ™" in the gas
phase) relative to the independent molecules. This indicates
that the exclusion complex has a weak association, which is in
line with other data for cations and CB[6].*>** Inclusion of AAPH
in the cavity of CB[8] was also examined theoretically with
successful inclusion of 1 and 2 molecules of AAPH to form 1:1
(AAPH@CB[8]) and 2 : 1 (2AAPH@CBJ[8]) complexes (Fig. 3B and
C). In the former case, the formation of AAPH@CB[8] was
favorable by AG; = —40.3 kcal mol ™' in water (AG; =
—135.5 kecal mol™" in the gas phase) when compared to the
independent molecules. In the latter case, the formation of
2AAPH@CB[8] was favorable by AGf = —45.1 kecal mol " in
water (AG¢ = —54.9 keal mol " in the gas phase). The AG¢values
for the formation of the complexes were more positive (less
favored) in water than the gas phase, with this attributed to
effects of polarization of the implicit solvent increasing the
solute-solvent interactions and decreasing the strength of host-
guest interactions.

In agreement with the thermodynamic data, the formation
of the 2AAPH@CB([8] complex in water (AG¢ = —45.1 kcal mol )
is slightly more favored than the formation of the AAPH@CB|8]
complex (AGy = —40.3 kecal mol™') and also the previously re-
ported AAPH@CB[7] complex (AG; = —35.2 kecal mol *).?* This
may be related to changes in the geometry adopted by AAPH
inside of the cavities of CB[7] versus CB[8]. Since the cavity and
portal diameter of CB[8] is greater than CB[7], the AAPH mole-
cule is more relaxed (less rigidly constrained) inside the cavity of
CB[8] than CB[7]. This is supported by the calculated confor-
mation energy of AAPH inside CB[8] being 6.6 kcal mol " lower
than for AAPH within CB[7]. Furthermore, the larger cavity of CB
[8] also allowed the formation of a 2AAPH@CB[8] complex. The
computational calculations showed that the 2 AAPH molecules
were not completely located inside the CB[8] cavity with these
situated diagonally when the complex is viewed side-on
(Fig. 3C). In this molecular arrangement, one amidine group
of each AAPH showed interactions with the portals of CB[8]
whilst the other amidine was involved in interactions within the
cavity. Additionally, the inclusion of a pair of AAPH molecules
inside CB[8] distorted the cavity shape to such extent that this
adopted an elliptical shape with dimensions of 20.1 A x 17.2 A,
compared to the circular shape of isolated CB[8] which has
a diameter of ~17.6 A.

Analysis of noncovalent interactions in the exclusion
complex of AAPH and CB[6] indicates that the interactions of
AAPH with CB[6] occur via 3 hydrogen bonds (blue regions in
Fig. 4A). Conversely, the AAPH@CB[8] complex (Fig. 4B) showed
7 hydrogen bonds involving the (protonated) amino groups of
AAPH and the carbonyl moieties of the CB[8] portals; these data
are consistent with the 8 hydrogen bonds reported for the
AAPH@CB[7] complex.” Examination of noncovalent interac-
tions in the 2AAPH@CB[8] complex (Fig. 4C), showed that each
AAPH molecule interacts with CB[8] through 4 hydrogen bonds
between the amidine group of AAPH that is located outside of
the cavity of CB[8] and the carbonyl groups of the portal. Within
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the CB[8] cavity, increased van der Walls interactions involving
the two molecules of AAPH were observed (green regions in
Fig. 4C).

The AAPH-CB[6] exclusion complex, and the inclusion
species AAPH@CB[8] and 2AAPH®CBJ[8], were also studied by
mapping the molecular electrostatic potential (MEP). CB[6], CB
[8] and AAPH were individually characterized through their
MEP, elucidating their respective contributions to the electronic
density of AAPH-CB[6], AAPH@CB[8], and 2AAPH@CB[S]
complexes. The results are presented in Fig. S27 with the red
and blue areas indicating high and low electron density zones,
respectively. Similar to the data reported for CB[7],** higher
electron density zones (yellow), located near the carbonyl
groups of the portals of CB[6] and CB[8], were determined
(Fig. S2A and S2B,} respectively). In the case of the optimized
structure of AAPH, two zones of low electron density (blue)
associated with the two positively charged terminal amino
groups, were observed (Fig. S2Ct). In the MEP of AAPH-CB[6],
AAPH®@CB[8] and 2AAPH®@CB]8], the individual zones of elec-
tron density of AAPH and CB[8] were partially neutralized. The
light blue regions indicated for AAPH-CB[6] and AAPH@CB[8],
emphasize the stabilization associated with complex formation

(A)

8 hydrogen-bonds

Fig. 4 Noncovalent interactions involved in the exclusion complex of
AAPH and CBI6] (panel A), and inclusion complexes AAPH@CBIS8]
(panel B) and 2AAPH@CBI8] (panel C). Each panel depicts side-on (left)
and top (right) views of each complex.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S2D and S2Ef¥). In the 2AAPH@CB[8] complex, blue regions
around the whole complex were observed, indicating low elec-
tron density due to the four positive charges of two AAPH
molecules distributed in the 2AAPH@CB[8] complex (Fig. S2FT).
The stabilization of the electrostatic interactions in the
AAPH@CB[8] and 2AAPH®@CB[8] complexes can be also
analyzed from the atomic charges of the carbon and oxygen
atoms of the carbonyl moieties of CB[8] and the hydrogen and
nitrogen atoms of the amino groups of AAPH. The results
depicted in Fig. S3,T with the color code designating green and
red for positive and negative charges, respectively, show that the
average atomic charges of carbon (g¢) and oxygen (go) atoms in
the carbonyl groups of CB[8] are 0.862 and —0.694 in the
AAPH®CB|8] complex, respectively. While in the 2AAPH@CB][ 8]
complex, gc = 0.862 and go = —0.691 were determined. The
charge of the hydrogen atoms of the amidine groups of AAPH
was 0.433 for AAPH@CB[8] and 0.436 for 2AAPH@CB[8]. These
values were similar to those reported for CB[7] (gc = 0.863|e|, go
= —0.697]e| and gy = 0.432|e|)*® providing evidence of similar
electrostatic interactions involving the amidine groups of AAPH
and the carbonyls of the CB[8] and CB[7] portals.

As a whole, these results could suggest that thermodynamic
data obtained by ITC (AH = —0.78 =+ 0.59 kcal mol ') for the
2AAPH@CB[8] complex can be explained by a mixture of effects
including a significant, but partial, release of water molecules
from the CB[8] cavity, repulsive interactions between AAPH
molecules, and distortions of the shape of CB[8] in the complex.
Although there are multiple factors affecting the formation of
the complex, the slightly negative value of AH determined by
ITC would indicate its favorable formation, probably explained
by favorable non-covalent interactions. TAS and AH values ob-
tained from DFT calculations were —18.6 and —59.0 kcal mol
for the AAPH@CB[8] complex, and —42.9 and —88.0 kcal mol *
for 2AAPH@CBJ[8], respectively. The more negative values of AH
obtained by the DFT analysis than those determined by ITC for
2AAPH®@CBJ[8] could be explained by disparities in the consid-
eration of the factors affecting the formation of the complex.

3.2 Generation of radicals by photolysis of AAPH

As the AAPH@CBJ[7] complex has been reported to generate an
enhanced flux of radicals on photolysis at 365 nm,* we explored
the influence of CB[6] and CB[8] on the photolytic generation of
AAPH-derived radicals. Solutions containing 100 and 200 pM
AAPH in the presence and absence of CB[8], were irradiated at
365 nm for 10 min. When CB[8] was absent, solutions of 100 or
200 pM AAPH induced an increase in the intensity of the
absorption at 240 nm (Fig. S4t), which is ascribed to product(s)
generated from the photochemical cleavage of AAPH. Photolysis
of the AAPH@CB[8] complex gave a similar pattern of changes
at 240 nm (Fig. S4A,t insert).

The production of AAPH-derived radicals was examined
using EPR spectroscopy in conjunction with the spin trapping
agent a-phenyl-N-t-butylnitrone (PBN, 200 mM). In the absence
of CB[8], irradiation of solutions containing 100 or 200 pM
AAPH and 200 mM PBN for 5 min at 365 nm gave EPR signals
(Fig. 5, black spectra in panels A and B, respectively) interpreted
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as a triplet (1:1:1; ay 1.5 mT) of doublets (1:1; ay 0.4 mT).
Spectra with these types of coupling constants have been
previously assigned to alkoxyl radicals (RO"),* but the large ay
coupling is more consistent with the trapping of alkyl radicals,*
and therefore these spectra are assigned to adducts of R’
formed on photolysis of AAPH. Fig. 5, shows EPR signals arising
from the photolysis (5 min at 365 nm) of the AAPH@CB[8] and
2AAPH@CB[8] complexes (red spectra in panels A and B,
respectively) in the presence of 200 mM PBN. The parameters of
the signals are identical to those determined in the absence of
CB[8] (i.e. are ascribed to R* adducts) but the signals were less
intense (i.e. lower radical adduct concentrations), with the
AAPH®@CBJ[8] complex generating ~45% of the intensity deter-
mined with free AAPH (Fig. 5A). The 2AAPH@CB[8] complex
also yielded lower radical adduct intensities than free AAPH,
with a decrease of ~30%. These data are interpreted in terms of
a lower extent of radical trapping by PBN, particularly in the
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Fig. 5 Electron paramagnetic resonance (EPR) spectra detected on
reaction of the spin trap PBN with carbon centered radicals (R") arising
from photolysis of AAPH in the presence or absence of CBI[8]. Phos-
phate buffer solutions containing 200 mM PBN and 100 uM (panel A)
and 200 pM (panel B) of AAPH were irradiated for 5 min at 365 nm in
the presence (red spectrum) or absence (black spectrum) of 100 uM
CBI8]. Samples from the reaction mixtures were removed and
analyzed immediately by EPR spectroscopy (15 scans).
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case of the AAPH@CB[8], with the CB[8] complex shielding the
AAPH radicals from reaction with PBN. For the corresponding
AAPH-CB[6] exclusion complex, the same pattern and signal
intensities were detected as for free AAPH (Fig. S51).

3.3 Oxidation of pyrogallol red (PGR) elicited by radicals
generated from photolysis of AAPH

PGR is a dye molecule that is readily oxidized by AAPH-derived
radicals via a known reaction mechanism,*® but does not asso-
ciate with CB[8], allowing the consumption and kinetics of
oxidation by AAPH-derived species to be assessed quantitatively
by visible spectrophotometry. This was determined for both free
AAPH and the AAPH@CB[8] and 2AAPH@CB[8] complexes. The
kinetic profile of PGR consumption (followed at 560 nm) was
altered for AAPH@CB[8] (Fig. 6A) when compared to free AAPH,
with a decrease in the initial PGR consumption rate (Ri) from
~53 uM min~! to ~17 pM min~".

This decrease is consistent with a decreased flux of radicals
(~33%) available to react with PGR, if it is assumed that the PGR
consumes all the radicals generated from AAPH.*® For the
2AAPH®@CB[8] complex (Fig. 6B), Ri was not markedly affected,
with a value of ~56 UM min~", compared to 74 uM min " for
200 uM free AAPH. These data imply that the 2AAPH®@CB(8]
complex mimics the effect of a solvent cage, where half of the
R’, generated on cleavage of the central C-N bonds in AAPH,
escape to react with O, producing ROO'.*” The AAPH-CB[6]
exclusion complex did not affect the kinetic profile of PGR
consumption, giving similar values of Ri to that detected in the
absence of the complex (Fig. 6C). These data are in line with the
EPR spin trapping data (Fig. S5), corroborating that AAPH is
not included within the CB[6] cavity.

Although a similar effect on the consumption of PGR was
observed for the AAPH-CB[6] exclusion complex, and the
inclusion complex 2AAPH®@CB(8], the origin of both results is
believed to be different. In the former case, PGR consumption is
triggered by radicals generated in bulk solution, with only the
solvent cage modulating the yield of radicals available to react
with PGR. For the 2AAPH@CB[8] complex, the cavity of CB[8]
mimics this cage, with data suggesting that two of the radicals
generated within the complex self-react to give non-radical
products, whilst the other two radicals (presumed to be those
generated at the portals of CB[8]) are available to react with
PGR. These data agree with the experimental ITC and EPR
results and the computational calculations. A ‘pull-off’ effect on
the AAPH-generated R has been proposed to explain the
increased consumption of PGR and Trp residues elicited on
photolysis of the AAPH@CB[7] complex.?® This effect does not
appear to occur for the complexes formed between AAPH and
CB[8].

Computational studies were also carried out to explore the
fate of the AAPH derived radicals in the AAPH@CB[8] and
2AAPH®@CB[8] complexes. For such purpose, the C-N bonds of
AAPH molecules included in both complexes were separated,
the multiplicity changed, and the structures optimized. The
structures of the two R’ generated from the AAPH®@CBI[8]
complex are shown in Fig. 7A. As shown, once the R’ are
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Fig. 6 Kinetics of PGR oxidation induced by radicals generated by
photolysis of AAPH, in the absence (open circles) and in the presence
of 100 uM CBI8] or CBI6] (black circles). Solutions of PGR (100 uM) and
AAPH (100 or 200 uM) with or without CB[8] or CBI[6] were irradiated at
365 nm for 10 min. At defined times absorption spectra were recorded
and the intensity at 560 nm plotted versus irradiation time. (panel A)
Shows the consumption of PGR induced by solutions containing
AAPH@CBI8], while (panels B and C) show 2AAPH@CBI[8], and AAPH-
CB[6] complexes, respectively.

generated, these are stabilized by interactions with the
carbonyls of the CB[8] portals. This is consistent with the lack of
a ‘pull-off’ effect in the CB[8] based system where the
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color. (panel B) Also shows the formation of 2,2,3,3-tetramethylbutane-1,4-bisamidine from 2AAPH-derived R" in the 2AAPH@CBI[8] complex.

dimensions of the portals (which are greater than for CB[7])
allow stabilization of the R’. The stabilization is linked with
non-covalent interactions involving 8 hydrogen bonds between
the amino groups present on the R* with the carbonyl functions
of CB[8]. The difference between the free energy of the structure
of R’ interacting with of CB[8] and the AAPH@CB[8] complex is
AG = —12.7 keal mol™" in water (AG = —40.3 kcal mol~" in the

gas phase) supporting a favorable stabilization of the interac-
tions of R* with CB[8]. The structure of the four R’ generated by
homolysis of the central C-N bonds of the two AAPH molecules
of the 2AAPH®@CB[8] complex is shown in Fig. 7B. The opti-
mized structure for the four R* showed that two R* were located
inside the CB[8] cavity, while the other two R’, together with the
two molecules of N,, are present outside the cavity. The

Table1 Data from isothermal titrating calorimetry (ITC) experiments for the association between AAPH, free Trp, Gly—Trp and Trp—Gly with CB
[6] and CB[8]. For comparative purposes, data of the AAPH@CBI7] complex (from ref. 23) are also included. Samples were made up in 10 mM
phosphate buffer (pH 7.4) at 25 °C. For the CB[6] and CBI[8] systems, the integrated heat data obtained at different molar ratios of titrant (1.4 mM
CBI6] or CBI8]) and titrated molecules (0.1 mM), gives a differential binding curve from which the apparent molar reaction enthalpy (AH), entropy
(AS), and dissociation constant (Ky) were obtained. The K4 values were used to calculate binding constants (K, expressed as M), while the Gibbs
free energy (AG) was estimated from the AH and AS data. The thermodynamic parameters are reported as kcal mol ™. Values are shown as mean
+ standard deviation from more than three experiments, with these carried out on separate days

K, M N (sites) AH —TAS AG

CB[6]

AAPH No binding

Trp No binding

Trp-Gly No binding

Gly-Trp No binding

CB[7]

AAPH? 2.51 £ 0.76 x 10° 1.075 % 0.01 —2.27 £ 0.11 —5.10 £+ 0.17 —7.37 £ 0.02
Trp* 7.94 + 1.07 x 10? 1 —3.22 4+ 0.46 —0.73 £ 0.53 —3.95 + 0.01
Trp-Gly** 3.48 + 1.55 x 10* 0.67 & 0.052 —11.50 + 1.12 —5.47 £ 1.29 —6.02 + 0.25
Gly-Trp*? No binding

CB[8]

AAPH (3.19 + 1.28) x 10° 1.96 + 0.05 —0.78 £ 0.59 —7.86 + 0.53 —8.64 £ 0.27
PGR No binding

Trp (5.18 + 1.19) x 10° 2.01 £ 0.09 —7.89 4 1.46 —2.83 4 1.60 —5.06 & 0.14
Trp-Gly (1.49 £ 0.29) x 10° 2.00 £ 0.12 —6.48 & 0.32 —0.58 £ 0.43 —7.05 £+ 0.11
Gly-Trp No binding

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 Fluorescence spectra were recorded from solutions containing 100 uM of (A) Trp, (B) Gly—Trp and (C) Trp—Gly and AAPH (100 uM) without
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diations at 365 nm. Emission spectra were obtained using A¢, 280 nm. (panels D-F) Dependence of the fluorescence intensity over time (Aem 360
nm) during the irradiation of 100 pM AAPH and 100 uM Trp (D) Gly—Trp (E) and Trp—Gly (F) in the absence (black square symbols) and presence
(red circles) of 100 uM CBI8].
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difference in the free energies between the four R’ interacting
with CB[8] and the 2AAPH®@CB[8] complex is AG =
~—30 kecal mol ™" in water and AG = —36.1 kcal mol™ " in gas
phase. The stabilization inferred by these values is consistent
with the presence of two R’ inside the CB[8] cavity, while the
other two R are released into the bulk solvent with only weak
interactions detected (Fig. 7B). It is important to note that this
complex also lacks of a pull-off effect of the R" since the AAPH
molecules which generate the released R’, were originally
exposed to the solvent. As the two R’ located inside the CB[8]
cavity are likely to self-react to give 2,2,3,3-tetramethylbutane-
1,4-bisamidine, we studied the interactions of this species
within the CB[8] cavity. The optimized structure for this
compound within the cavity of CB[8], yielded a free energy
difference between this structure and the 2AAPH@CB[8]
complex of AG = —59.1 kcal mol ™" in water, and AG =
—63.4 kcal mol™! in the gas phase (Fig. 7B). These values
confirm that recombination of two AAPH-derived R* within the
2AAPH@CB[8] complex is thermodynamically viable.

Together, these results reveal that the R’ arising from the
AAPH@CB[8] and 2AAPH@CB[8] complexes on photolysis have
different fates, while R* would be stabilized in the former
complex, two R" would be released, and two neutralized inside
the cavity, for the 2AAPH@CB[8] complex. Aimed to get new
insights about this, we carried out "H-NMR analysis on the
2AAPH®@CB[8] complex before and after illumination at
365 nm. As presented in Fig. S6,T the spectrum of AAPH showed
a singlet signal at 1.55 ppm corresponding to the methyl
protons. While the spectrum of CB[8] showed two doublets
(between 5.86 and 4.21 ppm), and a singlet signal at 5.55 ppm,
corresponding to the -CH,, and the -CH protons, respectively.
Spectra obtained for the mixture of AAPH and CB[8] evidenced
a clear displacement of the singlet signal of AAPH at 0.83 ppm
reflecting inclusion of AAPH inside the cavity of CB[8]. None-
theless, the singlet of AAPH at 1.55 ppm was also detected in the
presence of CB[8] showing the presence of free AAPH in the
solution. This suggest that, in spite of solutions were prepared
ina2:1 molar ratio (AAPH : CB[8]), the low solubility of CB[8] in
deuterium water would limit the stoichiometric formation of
the complexes. After illumination the singlet signal of AAPH
(free and included in CB[8]) was not detected reflecting its light-
mediated consumption. Irrespective of the presence of CB[8],
new signals were detected demonstrating the photolytic
formation of AAPH products.

3.4 Oxidation of Trp residues mediated by radicals derived
from AAPH photolysis

As the AAPH@CB[8] complex showed a lower extent of
consumption of PGR than free AAPH, we examined whether this
effect also occurs for targets with different binding constants
with CB[8]. Free Trp, Gly-Trp and Trp-Gly were examined as
these show variable binding affinities with CB[8], varying from
non-binding for Gly-Trp to binding constants of ~10° to ~10°
M~ for Trp and Trp-Gly, respectively (ITC data presented in
Fig. S7t and Table 1). These findings are coherent with an
absence of binding of Gly-Trp to CB[7] (Table 1 and other

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reports)*® and the association of Trp (1:1) with CB[8] with
a binding constant of approximately 10* M~'.#*-* Table 1 also
provides corresponding ITC data for the CB[6] system. In
agreement with the smaller cavity of CB[6], and previous data
obtained using X-ray crystal diffraction, the interactions
between CB[6] and Gly-Trp occur mostly outside the CB[6]
cavity.>

Consumption of free Trp and Gly-Trp and Trp-Gly, elicited
by AAPH photolysis, either free or from the AAPH@CB[S]
complex, was studied by examining changes in the fluorescence
intensity arising from the indole ring of Trp. When solutions of
free Trp, or Trp-containing peptides, were irradiated in the
presence of 100 uM AAPH, a constant decrease in Trp fluores-
cence was observed (Fig. 8A, B), with this decreasing to ~60% of
the initial intensity after 4 min.

Similar experiments, with the AAPH®@CB[8] complex,
showed different effects, with decreased consumption for of Trp
and Gly-Trp, and minimal effects on Trp-Gly (Fig. 8D-F). These
results are interpreted in terms of association of each target
with CB[8] and the ability of the complex to retain the generated
R’. As free Trp has a binding constant approximately three order
of magnitude lower than AAPH ((3.19 + 1.28) x 10° M, Table
1), and Gly-Trp does not associate with CB[8] (Table 1), reac-
tions of these targets with radicals would be more hindered
than for Trp-Gly which has a binding constant only one order of
magnitude lower than AAPH (Table 1), with the latter probably
being more exposed to AAPH-generated radicals. The
consumption data obtained for free Trp, Gly-Trp and Trp-Gly,
on photolysis of the 2AAPH@CB[8] complex, showed minimal
changes to that detected for free AAPH, suggesting R" release
with a similar efficiency to the solvent cage.

4. Conclusions

The association between AAPH with the medium-sized cucur-
biturils, CB[6] and CB[8], is modulated by specific interactions,
and the dimensions of the cavity and portals of the hosts. This
results in the generation of an exclusion complex with CB[6]
(AAPH-CB[6]) and 1:1 and 2: 1 inclusion complexes with CB[8];
AAPH®@CB[8] and 2AAPH®@CBJ8], respectively. The yield of
radicals generated by homolytic cleavage of AAPH inside the CB
[8] cavity is affected by the complex stoichiometry, with the yield
decreased for AAPH@CB[8] and minimally affected for
2AAPH@CB][8]. The latter system mimics the effects of a solvent
cage on radical production as inferred from EPR spin trapping
of the radicals, and consumption of pyrogallol red and Trp
residues. Photolysis of AAPH@CB[8] resulted in decreased
pyrogallol red consumption, and mediated the oxidation of Trp,
Gly-Trp, and Trp-Gly. The data show that the effects of the
cucurbiturils not only depends on its own properties, as asso-
ciation of the targets with CB[8] also plays a pivotal role. These
results indicate that complexation of oxidant-generating
systems, such as AAPH, by cucurbiturils can be used to modu-
late redox processes. This approach may be of use in different
fields where oxidation of specific substrates is desired, or
necessary (e.g. to remove pollutants in biological systems).
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However, interaction of the host cucurbituril with the oxidizable
target also needs to be considered.
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