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Aza-Pechmann derivatives have emerged as interesting building blocks for the preparation of organic
electronic devices. The development of methodologies aimed to enhance their chemical stability and
modulate their physical and chemical properties constitutes an interesting goal. Here we report the
synthesis of mechanically interlocked aza-Pechmann dyes with benzylic amide macrocycles, along with
the study of how the mechanical bond impacts their stability, photophysical and redox properties.
Rotaxanes composed of Pechmann dilactams as threads exhibit one of the highest energy barriers for
macrocyclic ring rotation, highlighting the strength of the attractive interactions ring-thread within the
interlocked structure. Their enhanced thermal stability, compared to the non-interlocked counterparts,

Received 4th June 2024 evidences the protective role of the macrocycle. Computational and electrochemical analyses indicate
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that the benzylic amide macrocycle improves the stability of the HOMO and LUMO orbitals of the
DOI: 10.1035/d4sc03657c interlocked dyes. Finally, spectroscopic and electrochemical data reveal that the macrocycle subtly

rsc.li/chemical-science modulates the optoelectronic and redox behaviour of the Pechmann dilactams.

Introduction

(E)-3,3'-Bifuranyliden-2,2’-diones 1 (Ar = Ph, Fig. 1a), belonging
to a family of compounds known as Pechmann dyes,"* have
remained largely unexplored due to their extremely low
solubility.*” (E)-3,3'-Bipyrrolylidene-2,2'(1H,1'H)-diones 2, also
known as Pechmann dilactams or aza-Pechmann dyes, derive
from 1 by two-fold amidation.® Aza-Pechmann derivatives have
shown good properties as colorants and dyes on several types of
textiles."*'® Furthermore, Pechmann dilactams flanked by two
thiophene-derived moieties have emerged in the last decade as
interesting building blocks for the preparation of organic elec-
tronic devices due to: (i) their planar, conjugated core highly
prone to donor-acceptor and 77 stacking interactions; (ii) the
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T Electronic supplementary information (ESI) available: Synthesis and
experimental data of compounds 2 and 3. ESI-HRMS spectra of all new
compounds. Crystal data and structure refinement for 3b and 3c.
Determination of the constant rates and activation parameters for the
pirouetting of the macrocycle in 3a and 3c. Thermolysis study of 2b, 2¢ and 3b,

3c. TGA experiments of 2b, 2¢ and 3a-c. UV-vis spectra of 2 and 3.
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Fig.1 (a) Skeleton of Pechmann dyes (1) and Pechmann dilactams (2);
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For ESI and crystallographic data in CIF or other electronic format see DOI:
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(b) framework of a Pechmann dilactam 2 which has found applications
in optoelectronics and, (c) potential benefits from encapsulation of
aza-Pechmann dyes within [2]rotaxanes 3.
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alkyl chains at the nitrogen atoms, increasing its solubility and
guiding the packing in the solid state, and (iii) the appropriate
substitution at the thienyl groups assisting the formation of
polymers by coupling reactions (Fig. 1b).**** Liu, Zhang and
coworkers revealed the high potential of Pechmann dilactams
as building blocks to prepare OFETs with p-type,***® ambipolar
semiconducting properties’” or active layers for organic
photovoltaic devices.** Unfortunately, drawbacks for the use of
Pechmann dilactams 2 in organic electronics are: (a) their
tendency to aggregation, potentially altering their photo-
physical properties; and even more importantly, (b) the isom-
erization of 5,5-exo-fused Pechmann dilactams 2 to their
corresponding 6,6-endo-fused counterparts.®*>*?

Accordingly, the development of methodologies aimed to
enhance the chemical stability and modulate the physical and
chemical properties of aza-Pechmann dyes constitutes an
intriguing objective not yet addressed. Rotaxane formation
provides a unique strategy to improve the properties of chromo-
phores without altering their covalent structure (Fig. 1c). Unlike
inclusion complexes, rotaxane-encapsulated dyes have the signif-
icant advantage of not being able to dissociate due to their bulky
stoppers.”>* On one hand, the macrocycle provides steric protec-
tion increasing the chemical and thermal stability,** while also
preventing aggregation that can interfere with their optoelectronic
properties. On the other hand, it allows the environment around
the chromophore to be precisely controlled, enabling the fine-
tuning of photochemical and redox properties.**** Smith and co-
workers designed a [2]rotaxane with fluorescent squaraine dyes
as threads.”?" The corresponding rotaxanes, with enhanced
photophysical properties, avoid the susceptibility of these chro-
mophores to undergo nucleophilic attack and aggregate forma-
tion. This supramolecular insulation was also found to be useful
for improving the conducting performance of polymers.*

R!
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2a (R'= Ph, R2 =C4,H,s)
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The spatial arrangement of the hydrogen-bonding acceptors of
Pechmann dilactams 2 are well oriented to form two bifurcated
hydrogen bonds with tetrabenzylamide macrocycles (Fig. 1c).>****
Thus, they are potential templates for the formation of the corre-
sponding hydrogen-bonded [2]rotaxanes by a clipping procedure.
Herein, we report the synthesis of a series of mechanically inter-
locked aza-Pechmann dyes bearing tetralactams rings. To explore
their properties, we have prepared a wide range of such species by
varying not only the substituents at the chromophore but also at
the isophthalamide moiety of the macrocycle. In this study we
evidence that the mechanical bond greatly enhances the thermal
stability of the interlocked Pechmann dilactams. Moreover, the
structure of the surrounding macrocycle is a molecular design
parameter that can be used to non-covalently fine-tune the pho-
tophysical and redox properties of the encapsulated dye. The
herein disclosed synthesis of mechanically interlocked aza-
Pechmann dyes should hopefully pave the way for the construc-
tion of unprecedented and groundbreaking novel devices based
on this donor-acceptor-donor structures.

Results and discussion

Synthesis and structural characterization of interlocked aza-
Pechmann dyes 3a-i

The synthesis of dilactams 2a-d (Scheme 1) was carried out
following previously described methods (Scheme S17).

We were especially interested in the thiophene-derived dyes
(2b-d), because thiophene-substituted acceptor molecules are
ubiquitous in the structure of organic semiconductors*® and
molecular wires.** For comparison, the Pechmann dilactam 2a
with two phenyl substituents at the dye-core was also prepared.
Hydrophobic alkyl chains of twelve (2a and 2b), four (2¢) and
two carbon atoms (2d), were introduced into the chromophore

R3

2
Cl

2b (R'= 2-Thienyl, R2 = C45Hys)
2¢ (R'= 2-Thienyl, R2 = C4Hg)
2d (R'= 2-Thienyl, R? = C,Hs)

3a (R3=H, 18%)
3e (R® = Bu, 9%)

Scheme 1

13824 | Chem. Sci., 2024, 15, 13823-13831

Et3N, CHClj rt.

(R® = H, 'Bu, OMe, Br, NO,)

3b (R? = CqHps, 12%)
3¢ (R? = C4Hg, 15%)
3d (R2 = C,Hs, 3%)

3f (R% = Bu, 12%)
3g (R® = OMe, 15%)
3h (R3 = Br, 23%)

3i (R® = NO,, 10%)

Synthesis of interlocked Pechmann dilactams 3a—i from the corresponding free dyes 2a—d.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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skeleton to establish the influence of the steric size at this
position on the stability of mechanical bond. [2]Rotaxanes 3a-i
were assembled through a five-component reaction from the
Pechmann dilactams 2a-d, p-xylylenediamine and the appro-
priate diacyl chloride in the presence of Et;N (Scheme 1).>* The
successful isolation of rotaxanes 3a-c and 3e-i in modest yields
(9-23%) demonstrates that dilactams 2a-c can act as reasonably
good templates in this type of clipping methodology. However,
[2]rotaxane 3d, with less-steric demand substituents at the
nitrogen atoms of the thread, was obtained in very low yield as
a mixture with the free axle and other unknown compounds
(ESIt). Apparently, the size of R* must be larger than an ethyl
group in order to kinetically stabilize the mechanical bond.**
Chloroform solutions of the interlocked dyes 3 display vivid
violet (R' = Ph) or blue colours (R' = 2-thienyl) (see below). 'H-
NMR spectra of 3a-i show diagnostic features indicative of their
interlocked structure as outlined in Fig. 2a, with 3b as the
model substrate. Thus, the resonances for H, and H,, protons,
placed at the dilactam core and the thiophene ring, experience
significant upfield shifts (A6 = —0.82 ppm and —0.76 ppm,
respectively) due to the anisotropic shielding effect of the tet-
rabenzylamide macrocycle. The corresponding 'H,"H-NOESY
spectrum reveals cross peaks relating H, at the dye compo-
nent with H¢, Hp and Hy inside the cavity of the macrocycle
(Fig. 2b). All the protons involved in intermolecular NOE
contacts are separated by less than 4.0 A in the X-ray structure of
3b (see below). Finally, the formation of the interlocked struc-
tures is also supported by ESI-HRMS spectra where the
protonated molecular ions are observed as intense peaks
(Fig. 2d and S5-S127). Curiously, the mass spectra of all free
dyes 2a-d display the presence of peaks corresponding to
dimeric and even trimeric species (Fig. 2c and S1-S4f)
demonstrating the beneficial effect of the mechanical bond
avoiding aggregation.

View Article Online
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Additionally structural characterization was gained from
single-crystal X-ray diffraction analyses of 3b and 3¢ which
reveal a perfect fit between the dyes and the benzylic amide ring
in terms of the complementary position of the hydrogen-
bonding acceptor and donors (Fig. 3a and b). In both crystal
structures, the macrocycles are engaged in bifurcated hydrogen
bonds via their amide groups with the oxygen atoms at the dye
core. However, the thiophene rings are coplanar with the
dilactam skeleton in 3b, dihedral angles of 4-7°, in marked
contrast to rotaxane 3c where the thiophene rings and the dye
core intersect at an angle of 38°.

The higher level of conjugation in 3b is reflected in the
shorter bond lengths between the lactam and thiophene rings
(1.438 A) compared with the equivalent length in 3¢ (1.452 A).
Nevertheless, we cannot discard that these structural differ-
ences are due to packing effects, since resonances of H, in their
respective NMR spectra are rather similar (ESI{). Curiously,
while in 3b the thienyl groups are s-trans respect to the carbonyl
group at the y-lactams, in 3c the thienyl groups have an s-cis
arrangement. The two xylylene walls stack against the dye, being
the centroid-centroid distance between the macrocycle's
parallel xylylene units very similar in both structures (7.16 A).
The crystal structure of 3b along the a and b axes shows the
interdigitation of the dodecyl chains (Fig. S16 and S17%). This
pattern significantly contributes to the stability of the crystal-
line packing and is likely responsible for the observed flattening
of the macrocycle of 3b, as opposed to the chair-like confor-
mation seen in the ring of 3c (see also Fig. S15c and S18ct).

Finally, we carried out NMR diffusion measurements** on
a solution of rotaxane 3¢ (2 x 107> M, CDCl,, 20 °C) (see ESIf for
experimental details) and determined a D value of 6.17 x 10~ *°
m? s ', The hydrodynamic radius (ry) of 3¢ was calculated from
the D value by using the Stokes-Einstein equation.*® The value
of ry (6.1 A, standard deviation + 0.1 A) is in good agreement
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Fig.2 (a) *H NMR spectra (400 MHz, CDCls, 25 °C) of the free dye 2b and the [2]rotaxane 3b; (b) selected section of the *H,*H-NOESY spectrum
(400 MHz, CDCls, 25 °C) of 3b showing cross peaks resulting from contacts between the axle and the macrocycle (distances measured in the X-
ray structure of 3b are also specified); (c) ESI-HMRS spectrum showing peaks for 2b and the corresponding dimeric aggregate 2b-2b; (d) ESI-

HMRS spectrum of 3b showing the molecular ion for the rotaxane.

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

Fig. 3 (a) X-ray structure of 3b from two different perspectives.
Intramolecular HB lengths [A] (and angles [°]): N3HO1 2.05 (168);
N4HO1 2.41 (174); N5SHO2 2.15 (172); N6HO2 2.31 (178); (b) X-ray
structure of 3c from two different perspectives. Intramolecular HB
lengths [A] (and angles [°]): N2HO1/N2AHO1A 2.10 (164); N3HO1/
N3AHO1A 2.16 (171). For clarity, selected hydrogen atoms are omitted.

with the size (6.1 A) estimated from the X-ray structure
determination.*

Study of the rotational motion of the macrocycle in [2]
rotaxanes 3a and 3c

The energy barrier for macrocyclic ring rotation around the
thread offers a quantification of the strength of the interactions
between these two components.****** In C,D,Cl, at 25 °C, two
sets of signals are observed for the benzylic methylene protons
Hg/ of rotaxanes 3a-i, illustrated for 3b in Fig. 2a, indicating
that the pirouetting of the macrocycle is slow on the NMR time
scale.” Variable-temperature (VT) "H NMR experiments show
that the exchange is so low in 3c that is not possible to reach the
fast exchange regime below 129 °C (Fig. S19 and S207).
Assuming this value as the corresponding coalescence temper-
ature, the calculated activation energy results in a value of 18.0
+ 0.2 keal mol ™. Additionally, the rate of the macrocycle rota-
tion in 3a was estimated by line shape analysis of its "H NMR
spectra at different temperatures (Fig. S21-5237), which gave an
energy barrier at 25 °C of 17.3 kecal mol . This value is much
higher compared to that of similar [2]rotaxanes bearing
fumaramide threads (AG”™ = 13.4 kcal mol '),* which have
close-to-ideal arrangements of hydrogen-bonded acceptor and
donor. In fact, 3a and 3¢ possess ones of the highest energy
barriers found for the rotation of [2]rotaxanes built with
benzylic amide macrocycles®*** as result of the strong intra-
component interactions between the dye and the benzylic
amide macrocycle joint to the rigidity and bulkiness of the
thread. The activation enthalpy and entropy for the pirouetting
of the macrocycle in 3a were derived by Eyring analysis and
resulted in values of 16.5 kcal mol ' and —2.6 cal mol " K"
(Table S67).

13826 | Chem. Sci, 2024, 15, 13823-1383]
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Thermal stability

To test the chemical stabilities of rotaxanes 3 and compare
them with those of the free dyes, the progress of the thermolysis
of 2b, 2¢ and 3b, 3¢ was simultaneously monitored by H NMR
spectroscopy (Fig. S24-S307). Thus, we heated separate samples
of each compound in C,D,Cl; at 120 °C in the presence of
durene as internal standard. Regarding the thermolysis of 2b,
2c¢ we were not able to detect the formation of the corresponding
6,6-endo-fused lactams.*'"** Instead, after 3 days we observed
that more than 35% of the starting dyes have decomposed into
a complex mixture of products from which we were able to
identify resonances of two new compounds: N-dodecyl-N-
formylthiophene-2-carboxamide (4) and N-dodecylthiophene-2-
carboxamide (5) (Fig. S247). Both derivatives, 4 and 5, could be
isolated in 13% and 20%, respectively, by conducting the same
reaction with 2b at larger scale (ESIT). The formation of 4 and 5
can be rationalized by the formation of thiophene-2-carboxylic
acid through oxidative degradation of 2b, and further
amidation.

By contrast, rotaxanes 3b, 3¢ proved to be much more stable
under the same reaction conditions (Fig. S28-S307). In fact, the
"H NMR spectrum of 3¢ showed that approximately 92% of the
starting rotaxane was still present in the reaction mixture after
23 days.*® Surprisingly, we did not observe resonances for the
free dyes 2b, 2¢ formed by dethreading of 3b, 3c. The reactivity
differences between 2b, 2¢ and 3b, 3¢ are attributed to the steric
protection provided by the macrocycle and the efficient H-
bonding between the two components within the rotaxanes.

Thermal stabilities of 2b, 2¢ and 3b, 3¢ were also examined
in the solid state by thermogravimetric analysis (TGA) with
analogous results. Thus, TGA experiments reveal that naked
dyes 2b, 2¢ decompose above 309-325 °C (Fig. S31 and S32+). By
contrast, rotaxanes 3b, 3c are thermally stable below 380 °C
(Fig. S33 and S34t), which underlines the notable shielding
effect of the mechanical bond in these conditions.

Photophysical properties

The UV-vis spectra of interlocked dyes 3a-c and 3f-i were
recorded in CHCl; and compared to those of the Pechmann
dilactams 2a-c (Fig. 4a, S35-S44+1). The spectra of the free dyes
and the rotaxanes share common broad bands in the visible
region along with a second band around 300 nm. However, the
presence of phenyl or thienyl substituents at the dilactam core
and, especially, the encapsulation of the dye in rotaxanes 3
induces notable changes in the visible region of the spectra.
Thus, the UV-vis spectrum of 2a displays a broad band at Ay.x =
558 nm (Fig. 4a and Table 1, entry 1). As a result, solutions of 2a
in CHCI; appear violet. The substitution of the two phenyl
groups by thienyl groups in the dye-skeleton induces a bath-
ochromic shift of 49 nm for both 2b and 2¢ (A2 = 607 nm) and,
consequently, a change to blue colour (Fig. 4a and Table 1,
entries 2 and 3).

Remarkably, the photophysical properties of 2a-c are altered
when the dyes are encapsulated inside the benzylic amide
macrocycle. A comparation of the spectra of 2a-c and 3a-c (R*=
H) reveals a notable bathochromic shift of the absorption

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) UV-vis absorption spectra of threads 2a, 2b and rotaxanes 3a, 3b in CHCls (c = 107> M) and photograph of CHCls solutions (c = 107>
M) of compounds 2a, 2b and 3a, 3b; (b) UV-vis absorption spectra of rotaxanes 3a—c and 3f—i in CHCls (c = 107> M).

Table1 Maxima absorption bands (Amax) in the UV-vis spectra and peak potentials £ (V, vs. Ag/Ag™) (Epc = E1/2) and Ep* (corresponding to the max.
current) in DCM-Bu4NPFg (0.1 M) as SSE (scan rate: 50 mV s™%) of dyes 2 and rotaxanes 3

HOMO-LUMO

Entry Compd  Amax  Epa Eper EredLa E et  Energy HOMO’/eV  Energy LUMO’/eV  gap AE/eV
1 2a 558 — — — — — — — —

2 2b 607 —0.937 —1.374 —0.867 +0.927 +0.724 —5.134 —3.543 1.591

3 2¢ 607 —0.944 —1.387 —0.842 +0.923 +0.684 —5.094 —3.568 1.526

4 3a 583 — — — — — — — —

5 3b 638 —0.730 —1.536 —0.653 +1.007 +0.902 —5.312 —3.757 1.555

6 3c 637 —0.742 —1.561 —0.648 +1.076 +0.871 —5.281 —3.762 1.519

7 3f 637 —0.757 —1.560 —0.667 +1.064 +0.902 —5.312 —3.743 1.569

8 3g 638 —0.762 —1.595 —0.671 +1.114 +0.937 —5.347 —3.739 1.608

9 3h 638 —0.703 —1.515 —0.612 +1.090 +0.914 —5.324 —3.798 1.526

10 3i 637 —0.583 —1.691 —0.511 +1.105 +0.941 —5.351 —3.899 1.452

“ Eonset is the first onset oxidation or reduction potential measured from CV vs. Ag/Ag”. * Estimated by applying the following equations: LUMO =

—(ERAL, + 4.41) eV, HOMO = —(EQger + 4.41) €V.%°

maxima of 25 nm for the interlocked dye 3a (A,.x = 583 nm) and
31 nm for 3b, 3¢ (Aynax = 637-638 nm) (Fig. 4a and Table 1,
entries 4-6).>**' The absorption spectra of rotaxanes 3f-i with
substituents of different electronic nature at the macrocycle
show an analogous pattern (Fig. 4b and Table 1, entries 7-10).

Finally, we recorded the spectra of 2b and 3b in eight solvents
of different polarity (Fig. S45-S58t). Negative solvatochromic
effects, ascribed to the charge-transfer nature of the electronic
transition, have been previously observed for different classes of
donor-acceptor molecules.”*** In our case, we expected to find
a different pattern for the free dye 2b and the rotaxane 3b espe-
cially in polar solvents where the intercomponent hydrogen
bonds within the rotaxane are weakened by interaction with the
solvent. However, both type of compounds shows analogous
slight, blue-shifted absorptions (14 and 10 nm, respectively) on
increasing the polarity of the media (Tables S7 and S8%). Clearly,
the restricted mobility of the ring in these aza-Pechmann
templates precludes a stronger solvatochromic effect as one
may expect from a interlocked dye in a polar solvent.*®

Computational study

We computed the energies of the frontier molecular orbitals
(FMOs) and their UV-vis absorption maxima for all the opti-
mized structures of model dye 2j and model rotaxanes 3j-n
(Fig. 5a)."* For simplification, the long chains at R* of threads 2
and rotaxanes 3 were substituted by methyl groups, and the Br

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

atoms at 3h were substituted by Cl atoms at 3m. The calcula-
tions predict that [2]rotaxanes 3j-n present a pondered average
of Amax ranging from 614 to 637 nm (Tables S9 and S107), cor-
responding to their HOMO — LUMO transitions, higher than
that of the thiophene-containing thread 2j (An.x = 611 nm).
Thus, the red shift that the dyes experience when surrounded by
the macrocycle in rotaxanes 3 is consistent with a narrower
HOMO-LUMO gap. This finding aligns with the experimental
observations from the electrochemical study (see below). The
HOMO and LUMO energies of thread 2j were calculated to be
—5.33 eV and —2.91 eV, respectively (Table S91). The introduc-
tion of the macrocyclic ring around the thread stabilizes both
FMOs, with a greater effect observed in rotaxanes substituted by
an EWG on the macrocycle, like 3m (R=Cl, —5.82 and —3.37 eV)
and 3n (R=NO,, —5.90 and —3.43 eV) (for a more complete
picture see ESIT). Fig. 5b and ¢ show the FMO of thread 2j and
rotaxane 3j (Fig. S591 contains the FMOs of all computed
rotaxanes). The FMOs of the thread are located mainly at both -
lactams motifs. Curiously, when the macrocycle is present,
these molecular orbitals remain along the molecular backbone
of the thread. Thus, the p-xylylene fragment of the macrocycle
directly interacts with the dye skeleton, which might be
responsible for the bathochromic shift of the HOMO-LUMO
transitions. It should be noted that both FMOs of all rotaxanes
are well distributed over their conjugated backbone benefiting
charge carrier transporting.>*
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Fig. 5 (a) Structure of the model dye 2j and model [2]rotaxanes 3j—n,
which were the subject of the computational study; (b) and (c) contour
plots of the frontier molecular orbitals (HOMO and LUMO, respec-
tively) of the thread 2j (left) and rotaxane 3j (right) at the SMD(CHCls)/
M062/DGDZVP level of theory.

The R substituent at the macrocycle is far from the
interacting-site, which explains why only slight differences
among the spectra of model interlocked dyes 3k-n are expected.

Electrochemical study

The electrochemical properties of dyes 2b, 2c and rotaxanes 3b,
3¢, 3f-i were studied by cyclic voltammetry (CV) at 25 °C
(Fig. S60-S777). The peak potentials are summarized in Table 1.
Pechmann lactams 2 show two pseudo-reversible reduction
peaks (two single heterogeneous electron transfers, Fig. 6 and
Table 1, entries 2 and 3), the first one corresponding to the
initial formation of a radical anion and the second to a stable
dienolate anion (Scheme S2t). However, the anodic scan shows
a broad (or a shoulder peak such that observed in 2c, Fig. $627)
non-reversible oxidation peak that corresponds to a two-
electron transfer process leading to a thienyl-dication, which
could polymerize in the presence of new molecules of non-
interlocked dye 2 (Scheme S27).57-°

Compared to the CV of 2b and 2¢, the first cathodic potential
values in rotaxanes 3b, 3¢ and 3f-i are shifted to less negative
potentials, i.e. easier reduced (better acceptors) (Fig. 6 and Table
1, entries 5-10). This effect reflects the additional stabilization of
the first radical anion by hydrogen bonding from the Leigh-type
macrocycle. At the same time, the second reduction peak is
negatively shifted (Fig. 6 and Table 1, entries 5-10), as expected
due to the hindered effect of the macrocycle on the subsequent
adsorption of the radical at the cathode surface prior to its
discharge leading to a O-centered dianion (dienolate).
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Fig.6 Cyclic voltammetry of 2b (green curves) and 3g (cathodic scan-
blue curve and anodic scan-red curve) (both 3 x 107> M) in DCM-
TBAPFs-50 mV s, Pt(—), Pt(+), sat Ag/Ag* (reference electrode).

The mechanical bond is also responsible in 3b, 3¢ and 3f-i
for lowering the rate constant of this second heterogeneous
electron-transfer at the cathode, that lose some reversibility
(Fig. 6).

The anodic peak in rotaxanes 3 still corresponds to a 2e™
process to form a dication, but its potential is shifted to a more
positive value compared to the respective naked threads (Fig. 6
and Table 1). This effect of the macrocycle is common to all the
studied rotaxanes: anodic shift to more positive potentials,
agreeing with higher difficulties to be oxidized, as expected
when HOMO energies in rotaxanes are stabilized in comparison
with the corresponding threads 2. The dielectronic and still non
reversible anodic peak in 3b, 3¢ and 3f-i shows, however, in
some cases slight reversibility (3b) that agrees with an inhibi-
tion by the macrocycle of the plausible anodic polymerization
(above suggested) in the oxidation of the thread.

In the cathodic scan, electron-withdrawing substituents at
the macrocycle (such as Br or NO,) highlight a shift to less
negative reduction potential of the first electron-transfer (Table
1, entries 9 and 10). However, electron-donating substituents
(such as MeO or ‘Bu) are shifted in minor extent (Table 1, entries
7 and 8). This effect can be due to the higher H-bonding
strength caused by the EWG substituents. The greater the
strength of the hydrogen bonds, the higher is the stabilization
of the radical anion, and this is noted in a greater displacement
of the first reduction potential.

Overall, the voltametric data provide a complete picture of
the energy of the frontier orbitals in interlocked dyes 3 and how
they are affected by the presence and nature of the mechanically
interlocked macrocycle. First, they indicate that the incorpora-
tion of aza-Pechmann dyes as threads in the interlocked mole-
cules 3 stabilizes both HOMO (from —0.18 to —0.22 eV) and
LUMO (from —0.20 to —0.36 €V). As a result, the HOMO-LUMO
gap energy of rotaxanes 3b, 3c and 3f-i experiences a decrease in
all cases, in agreement with that we found in the UV-vis data.
Moreover, there are subtle differences depending on the
substituent at the macrocycle. Thus, the HOMO-LUMO gap
energies experience drops up to —0.07 eV for 3h (R*=Br) and
—0.14 eV for 3i (R*>=NO,) in full agreement with the compu-
tational study.

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

We have described the first synthesis of mechanically inter-
locked aza-Pechmann dyes. In this family of rotaxanes with
benzylic amide macrocycles, the double y-lactam core perfectly
performs as template, the oxygen atoms of the dye driving the
clipping reaction of the macrocycle by hydrogen-bonding
interactions, as evidenced by NMR and single-crystal X-ray
diffraction.

The high energy barrier for macrocyclic ring rotation around
the dyes offers a quantification of the high strength of the
interactions with the macrocycle. Moreover, the thermal
stabilities of the rotaxanes are much higher than those of the
free dyes in both solution and the solid state, illustrating the
stabilizing effect of the macrocycle. In addition, absorption, and
electrochemical measurements evidence that the macrocycle
can modulate the optoelectronic and redox properties of the
aza-Pechmann dyes. Thus, computational and electrochemical
studies demonstrate that the presence of the benzylic amide
macrocycle stabilizes the HOMO and LUMO frontier orbitals of
the free dyes when converted into rotaxanes. Furthermore, the
electrochemical study shows that the HOMO/LUMO levels can
be slightly modulated by the electronic nature of substituents at
the macrocycle.

Overall, this work makes available a method to prepare
mechanically interlocked nitrogenated Pechmann dyes and
provides a proof-of-concept of the effects that the interlocked
macrocycle can have on their properties, opening the door to
new families of synthetic materials than combine the properties
of aza-Pechmann dyes with the dynamic properties of rotax-
anes. The advent of groundbreaking technologies in cutting-
edge sectors such as biomedicine, materials science, and
nanotechnology are stimulating an increasing demand for dyes
that offer superior performance features. The integration of aza-
Pechmann skeletons as axles in rotaxanes could attract the
interest of researchers working in the colorant field, opening
avenues for future enticing applications. By deepening our
grasp of the interplay between structure and activity, future
investigations could precisely adjust the molecular attributes of
these intriguing substances, thereby maximizing their practical
effectiveness.
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