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The synthesis of covalent organic polymers usually relies on polar reactions for the establishment of
linkages among the constituent monomers. Herein, the photochemical [2 + 2] olefin cycloaddition
reaction is employed as a polymerization tool to yield organic polymers in which the connectivity is
based on cyclobutane moieties, as demonstrated by the characterization techniques. The
functionalization of the polymer is carried out by means of the monomer truncation strategy with
monotopic olefins decorated with different motifs, including the organic photocatalyst 10-phenyl-
phenothiazine (PTH), achieving its connection with a homogeneous 10% functionalization degree. All

materials are active photocatalysts in the light-driven oxidative coupling of benzyl amines to the
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enhancement of the catalytic performance. Indeed, the functionalized-PTH polymer exhibits higher

DOI: 10.1039/d5ta02268¢ activity (75% yield vs. ~40% yield) and a stable recyclable character without leaching compared to the
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Introduction

Covalent organic polymers are a broad class of materials able to
form 2D or 3D networks whose building blocks feature light
elements such as C, H, N, O, S and/or B. As such, they differ
from metal-organic frameworks in the absence of metals and in
their connectivity."® Notably, this family of organic materials
presents desirable characteristics such as synthesis by design,
leading to tuneable structures with controllable pore dimension
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and volume, as well as good mechanical strength, biocompati-
bility and semiconducting behaviour among others.* Thus, they
are finding application in a great variety of fields, such as
optoelectronic devices, (bio)sensors, composite crafting, gas
and liquid separation, energy-related purposes or (photo)
catalysis.”™*

Fundamentally, the choice of linker is paramount for the
design of these materials. In this sense, the functional groups
present in the polytopic monomers react in a controlled manner
to form extended networks.'®'” The synthesis of the materials
often relies on classic thermally activated reactions; reversible
reactions, such as condensations, usually yield materials with
high crystallinity and porosity, while irreversible processes
often produce more amorphous samples.'*® However, it would
be highly desirable to develop sustainable methodologies to
synthetize novel organic materials. Among these, photochem-
istry has lately attracted widespread attention for restoring the
traditional classic systems in organic chemistry due to its
sustainability and availability of light sources.**?* Nevertheless,
photochemistry is nowadays scarcely applied as a synthetic tool
for the development of organic materials, in part due to the
difficult scalability of the methodology as well as the irrevers-
ibility of most photochemical processes. Few examples are re-
ported in the literature, in which post-synthetic modifications
over materials are performed through the use of photocatalytic
methods. Very recently, light has been employed for the trans-
formation of covalent organic frameworks synthesized via

This journal is © The Royal Society of Chemistry 2025
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thermally activated Schiff-base condensation with three
different approaches (Scheme 1).2*2° On the one hand, a multi-
component process involving a photocatalytic Petasis reaction
has been employed for the synthesis of a highly modified
covalent organic framework. Light is employed as a post-
modification tool as the Petasis reaction occurs between a tri-
fluoroborate salt and the already in situ preformed hydrazone-
azine structure (Scheme 1a).** Another approach implies the
synthesis of a benzoxazole-linked covalent organic framework
via light-driven cyclization of the polymer resulted from the
Schiff-base condensation of polytopic aldehydes and o-hydrox-
yanilines (Scheme 1b).*® Very recently, another material has
been reported exploiting an iridium photocatalyst to promote
a Povarov reaction over an imine-linked preformed structure.
This strategy yielded a covalent organic framework in which the
monomers are linked through quinoline units (Scheme 1c).>® All
these examples present the construction of complex structures
by sequential polar-photochemical transformations; however, it
would be of great significance to obtain an organic material
using only photochemistry or photocatalysis as a synthetic tool.

In this regard, [2 + 2] photocycloaddition can be a viable and
promising strategy to generate an organic material through
light-driven polymerization. This reaction is a pericyclic trans-
formation that simultaneously creates two c-bonds from two
olefins which upon light irradiation generate cyclobutanes.””**
This reactivity is forbidden under thermal activation due to the
relative antibonding approach of the HOMO and LUMO of both
T systems. However this pericyclic reaction proceeds through
the light-promoted excitation of one electron from the 7 to the
7* orbital of one of the reacting olefins, thus reaching a situa-
tion in which the symmetry requirements for orbital over-
lapping are fulfilled (bottom left, Scheme 2b).*® This
photocycloaddition has been previously employed as a tool for
modification of polymers, or to promote on-surface and/or
solid-state polymerizations;**** nevertheless, to the best of our
knowledge, examples for creating a polymer in solution under
light-driven [2 + 2] cycloadditions are still unexplored.

Our research group has recently reported the incorporation
of a photocatalytically active platinum complex into an imine
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formed in this work.

covalent organic framework via the monomer truncation
strategy (Scheme 2a),*> which entails the introduction of sub-
stoichiometric amounts of monotopic monomers which inter-
rupt the network resulting in a random distribution of
structural defects along the COF backbone. This strategy allows
us to enhance the functionality of the material,* and has been
employed for photocatalytic purposes.®***

Therefore, in this work we present the synthesis of a cyclo-
butane-linked organic material employing a photochemical [2
+ 2] cycloaddition between polytopic olefins. This approach
yields an amorphous polymer with pm-sized laminar aggregates
and semiconducting character. Furthermore, we combined
light-driven polymerization with the monomer truncation
strategy,* which allows us to expand the functionality of the
polymer, especially through the inclusion of an organic photo-
catalyst. Integrating these two methodologies, we used light to
produce a novel material and as an energy source to promote
photocatalytic reactions (bottom, Scheme 2b).

Results and discussion
Synthesis of the materials and characterization

We started our study with the synthesis of the building blocks
and truncating units required for the polymer's assembly (see
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the ESI, T for full details on the synthesis and characterization of
the molecules). On the one hand, the synthesis of trimethyl
4,4’ 4"-benzene-1,3,5-triyl-tricinnamate (1) was achieved via
a Heck-type reaction between 1,3,5-tris(p-bromophenyl)benzene
and methyl acrylate in 70% yield (Scheme S1 in the ESIT).** On
the other hand, the synthesis of methyl p-cyano-trans-cinna-
mate (2-CN, 97% yield) and methyl p-trifluoromethyl-trans-cin-
namate (2-CF;, 81% yield) was accomplished by Fischer
esterification from the corresponding cinnamic acids (Scheme
S2 and S3 in the ESI}),* while the methyl acrylate of 10-phe-
nylphenothiazine (2-PTH) could be generated via a Buchwald-
Hartwig coupling between phenothiazine and methyl p-
bromo-trans-cinnamate in 60% yield (Scheme S4 in the ESI{).>”
When monomer 1 was subjected to an intermolecular [2 + 2]
photocycloaddition with itself, the organic polymer 3 was yiel-
ded as a pale-yellow solid, where the monomers are connected
to each other via the new cyclobutane moieties created
(Scheme 3a) (see the ESIf for full details on the synthesis).
According to the light absorption properties of monomer 1 (Fig.
S16 at ESIT), the [2 + 2] photocycloaddition should not require
the presence of an additional photocatalyst to promote the
excitation of the m electrons if the polymerization is conducted
under 385 nm LED irradiation. The reaction time (40 h) was
selected according to the disappearance of the free monomer in
the supernatant as tracked by liquid '"H NMR and the disap-
pearance of the olefinic C=C stretching band in the FTIR
spectrum of the yielded material (see below). In order to intro-
duce more functionality in the final material, light-driven [2 + 2]
polymerization cycloaddition was performed in the presence of
a sub-stoichiometric amount (10 mol%) of the mono-alkenes 2-
R (Scheme 3b). In this way, the light-driven monomer trunca-
tion polymerizations provided different materials that contain
a defective node with the target functionality,**?* i.e., a benzo-
nitrile for material 3-CN and a trifluoromethyl moiety in sample
3-CF;, while 3-PTH contains the 10-phenyl phenothiazine pho-
toactive molecule.”®*® For comparative purposes, monomer 2-
PTH was also subjected to a [2 + 2] photocycloaddition with
itself to yield molecule 2-cb to be used as a homogeneous
reference (see Scheme S5 in the ESI} for further details).

a- Synthesis of the Pristine Material
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The photosynthesized polymers were characterized by
means of typical solid characterization techniques. On the one
hand, Cross Polarization combined to Magic Angle Spinning
3C solid state Nuclear Magnetic Resonance (**C-ss-CPMAS-
NMR) revealed both aromatic and aliphatic features for all
samples, in accordance with the expected structure (see left-
Figure 1). In particular, 3 presents a broad aromatic region
corresponding to the benzene rings present in the building
blocks. In addition, the carbon atom for the ester group could
be also observed at 172.4 ppm, as observed by comparison with
the respective spectral features of the monomers and dimer (see
Fig. 1 and the ESIY); furthermore, the aliphatic region shows
a signal at 51.3 ppm which corresponds to the methyl carbon at
the ester group, and another broad signal centered at 44.1 ppm,
which can be assigned to the new cyclobutane core created. It is
worth mentioning that the signals corresponding to the double
bonds (at 116 and 145 ppm for monomers 1 and 2) were not
observed in the NMR spectrum of any samples,* which is
indicative of a successful polymerization reaction. Nevertheless,
the substochiometric and low loading of the truncating agents
employed in the synthesis of materials 3-R, combined with the
signals overlapping due to the great number of aromatic
carbons, did not permit distinguishing the signals arising from
the truncating moieties in the aromatic region. The comparison
of previous "*C-NMR data with those obtained for homoge-
neous 2-cb, especially in the aliphatic region, confirms that the
[2 + 2] photocycloaddition polymerization has taken place
correctly. Furthermore, a sharp CF; peak could be observed at
—63 ppm in the corresponding solid state '’F-NMR spectrum of
sample 3-CF; (see Fig. S3 in the ESIt) Additionally, Fourier
Transformed InfraRed (FTIR) spectroscopy was used to cross-
check the NMR data (see right Fig. 1). Indeed, the most
upshifted signal in the spectrum of sample 3 appeared at
2950 cm™ ', indicative of both the CH, and aliphatic C-H
vibrations. Then, the stretching of ester groups and the
aromatic cores merged at 1740 and 1590 cm ™' of wavenumbers,
respectively. A scissoring vibration at 1510 and 1455 cm ™" may
be ascribed to the cyclobutane moiety, according to previous
reports and the comparison with the 2-cb sample spectrum.*

b- Synthesis of the Truncated Material
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Scheme 3 Synthesis of the polymers 3 (egn (a)) and 3-R (egn (b)) via the [2 + 2] photocycloaddition reaction.
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Fig.1 Left: C-SS-CPMAS-NMR spectra of samples 3 (purple), 3-PTH (blue), 3-CN (green) and 3-CFs (yellow) compared to the homogeneous
2-cb (red) liquid **C-NMR spectrum (in CDCls); right: FTIR spectra of sample 3 (purple), 3-PTH (blue), 3-CN (green), 3-CFs (yellow) and 2-cb (red).

Meanwhile, the truncated polymers presented all the ascribed
features found in the pristine material, as well as the more
complex fingerprint region, probably arising from the trunca-
tion. In particular, the nitrile present in monomer 2-CN
exhibited a sharp peak at 2228 cm ™" in the corresponding FTIR
spectrum (see Fig. S3 in the ESIt).** This represents a strong
demonstration of a successful monomer truncation strategy,
indicating that the procedure is compatible with the light-
driven [2 + 2] photocycloaddition polymerization.

The morphology of all materials was analyzed by means of
Scanning Electron Microscopy (SEM). In general, all polymers
appeared as amorphous to laminar aggregations with a mean
particle size of 30-50 pm (Fig. 2). Some depth was observed in
these aggrupations, indicating a more complex packaging due
to the stacking caused by eventual 7 interactions among the
aromatic polymer core; conversely, other particles showed
a more amorphous appearance. However, smooth surfaces were
spotted for both types of morphologies, indicating high cohe-
sion among particles since the extended organic polymer is

Fig.2 SEM analysis of samples (a) 3, (b) 3-CN, (c) 3-CFz and (d) 3-PTH.

This journal is © The Royal Society of Chemistry 2025

strongly connected by covalent bonds. Interestingly, more
amorphous grouping and smaller mean sizes were detected for
all the truncated samples, maybe due to the introduction of
structural defects as a result of the monomer truncation, but the
general morphology of the polymer 3 structure is mainly
maintained.®® The observed morphology is a result of the
conditions employed in the polymerization and the type of
bond created among the monomers since the steric require-
ments of the connecting cyclobutane ring might prevent a more
ordered disposition of the polymer sheets.*> Indeed, all samples
present an amorphous character as shown by the powder X-ray
diffraction patterns, where a very broad peak was observed
between 10° and 30° of 20 (see at Fig. S6-S9 in the ESIT). In
addition, low porosity values of about 7 m* g~ " of surface area
was found for samples 3 and 3-PTH (Fig. S10 at ESIf).

The local analysis employing an in situ EDX microprobe (Fig.
S4 and S5 in the ESIf) revealed that the composition of the
photopolymerized samples contained the characteristic
elements of the introduced moieties homogeneously distrib-
uted all over the particles. For instance, sample 3 as expected
only contained C and O (see Fig. S5 in the ESIt). Interestingly,
the heteroatoms of the truncated defects could also be distin-
guished. First, sample 3-CN presented signals associated with N
due to the introduction of the nitrile group (see Fig. S5 in the
ESI{). The same phenomenon was observed for sample 3-CFs;,
which showed the presence of C, O and F atoms in the analyzed
particles (see Fig. S5 in the ESIf). Finally, 3-PTH contained C
and O, as well as N and S signals. The presence of these atoms
indicates that the functionalization with the monotopic olefins
using the monomer truncation strategy had been performed
successfully in all cases. The degree of functionalization could
be averaged by elemental analysis for the bulk samples (Table
1). Polymer 3 presented a high C level of 75% as a result of the C
content of the organic monomer, with negligible levels of N and
S. Regarding the truncated materials, elemental analysis
detected C-based polymers with increased amounts of hetero-
atoms (since F cannot be detected by this method, sample 3-CF;

J. Mater. Chem. A, 2025, 13, 23928-23938 | 23931
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Table 1 Elemental analysis of the samples under study®

Sample C [% wt] H [% wt] N [% wt] S [% wt]
3 75.2 4.8 0.1 0.0
3-CN 71.8 5.5 1.0 0.0
3-PTH 73.1 5.4 0.8 0.9
3-PTH® 72.8 5.6 0.8 1.0

“ All values are expressed in %wt. ° Sample prepared with 25 mol% of 2-
PTH.

was not subjected to elemental analysis). In particular, sample
3-CN showed 1.0% of N due to the truncated nitrile group,
assuming an 8 mol% functionalization degree, in sharp agree-
ment with the amount of truncating monomer added. In
addition, the amount in sample 3-PTH was also increased up to
0.8% of N and 0.9% of S, which implies a 10 mol% function-
alization degree. Interestingly, a sample prepared using
a 25 mol% loading of the monotopic monomer 2-PTH afforded
similar results in terms of N and S contents, which may indicate
that the monomer truncation under [2 + 2] photocycloaddition
conditions was limited to 10 mol% of the truncating monomer.

Keeping in mind the potential photocatalytic application, we
carried out X-ray Photoelectron Spectroscopy (XPS) on pristine
material 3 and the truncated sample decorated with the pho-
toactive moiety 3-PTH. Indeed, the survey spectrum of both
samples presented the characteristic XPS C 1s (285 eV of
binding energy (BE)) and O 1s (BE of 533 eV) core level regions,
while sample 3-PTH presented two peaks corresponding to
XPS N 1s (BE of 399 eV) and S 2p (BE of 165 eV) core level regions
as a result of the monomer truncation (see Fig. S11 in the ESIT).
Therefore, this survey analysis cross-checked that the mono-
topic monomer 2-PTH has been introduced into the structure of
the polymer. By analysing the components (Fig. 3a), the fit of the
XPS C 1s core level region afforded two main components for
sample 3, which may be assigned as a mixture contribution of C
sp> and C sp” at lower BE (BE of 284.5 eV, dark cyan peak) and C
bonded to heteroatoms at higher BE, which belongs to O in the
case of sample 3 (286 of BE, pink peak). In addition, the inter-
action of the material with the Ag employed for sample set-up
could not be avoided because a small peak at a BE of 282.6 eV
(golden colour peak) was also extracted from the fit. Interest-
ingly, sample 3-PTH presented broader signals as a result of the
disorder introduced during the monomer truncation (Fig. 3b).**
Indeed, the C-C peak at a BE of 284.5 eV got wider and over-
lapped the defect region, hindering the possibility of detecting
new components such as C-N and C-S bonds. However, the
different electronic distribution of the truncated material
compared to sample 3 (see below) permits distinguishing the
ester groups as a new peak obtained at a BE of 288 eV (navy
peak) and assigned to C=0 bonds.* Interestingly, the N 1s XPS
core level signal could only be fitted with one corresponding
component in agreement with the functionalizing unit intro-
duced (pyridinic-like N),* being very close to the 10 mol% used
for light-driven polymerization (Fig. 3c). However, the low S
amount detected, lying close to the technique detection limit,

23932 | J Mater. Chem. A, 2025, 13, 23928-23938
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Fig. 3 Results on the photoelectron spectroscopies of samples 3 and
3-PTH. (a) C 1s XPS core level region of sample 3; (b) C 1s XPS core
level region of sample 3-PTH; (c) N 1s XPS core level region of sample
3-PTH (inset: XPS N 1s core level region of sample 3); (d) UPS spectra
of samples 3 and PTH (inset: edge magnification for valence band
determination).

prevents any kind of further analysis. Conversely, the pristine
material 3 was silent in these regions due to the lack of PTH
units. Finally, the UV Photoelectron Spectroscopy (UPS) data
were also recorded for both samples using the Hel line as the
excitation source (Fig. 3d). On the one hand, the edge of the
valence band was spotted 2.3 eV below the Fermi level for
sample 3 and 2.0 eV below the Fermi level for sample 3-PTH. On
the other hand, the analysis of the levels afforded a different
work function for the materials, since the value for sample 3-
PTH, 5.5 eV, was found to be 1.0 eV higher than the value
estimated for sample 3 (4.5 eV). This result may be explained by
the doping performed by the PTH motif to the structure of the
polymer, when functionalized, PTH has been reported previ-
ously as a donor moiety able to inject charge into the structure
of the host material,*” as also observed in the optical behavior
(see below). Therefore, some sort of conjugation between the
PTH motif and the polymer skeleton might be created, maybe as
a consequence of the p character of cyclobutane,* that facili-
tates the creation of new levels which justify the electronic
properties of material 3-PTH.

The optical properties of the polymers were analyzed
employing UV-vis Diffuse Reflectance Spectroscopy (DRS)
(Fig. 4). Hence, sample 3 exhibited limited interaction with
visible light since no absorption edge was observed until ca.
450 nm where the reflectance started to diminish until satura-
tion. Sample 3-PTH showed similar behavior, with a broader
absorption ranged in the visible region. The construction of the
Tauc plot using the Kubelka-Munk approach for optical band
gap determination afforded values of ~2.8 eV for the func-
tionalized sample 3-PTH and ~3.1 eV for the pristine 3 polymer
(insets of Fig. 4), which is a huge contraction and a deep
modification of the band structure of the material considering
the tiny amount of PTH as a result of the truncation, in agree-
ment with the modifications observed in the work function

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02288f

Open Access Article. Published on 14 June 2025. Downloaded on 12/6/2025 9:21:56 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Intensity (a.u)
Intensity (a..)

_

300 400 500 600 700 a00 300 0 500 600 700

Wavelength (nm) Wavelength (nm)

d)

——PTH

Normalized intensity (a.u.)
Counts

30 400 45 500 550 600 650 700 25 50 7

Wavelength (nm) Time (ns)

Fig. 4 UV-vis absorption and emission spectroscopy results. Upper
panels: Kubelka—Munk transformed absorption and Tauc plot data for
samples (a) 3 and (b) 3-PTH. Lower panels: (c) Normalized emission
spectra of pristine 3 and 3-PTH materials and homogeneous PTH in
acetonitrile at Aex = 330 nm. (d) Time-resolved PL decays of pristine 3
and 3-PTH materials and homogeneous PTH. Experiments conducted
in degassed acetonitrile with a 375 nm laser.

values. In addition, the band gap energies are comparable to
other organic polymers reported previously either conjugated or
connected by non-conjugated linkers.*> Employing the position
of the valence band determined with the help of the UPS data
and fit, we can locate the energetic levels of our samples as
follows: sample 3 would present the valence band at —6.8 eV vs.
vacuum (Ey,.) and with its optical band gap, and the conduction
band was found at —3.7 eV vs. E,,.. In contrast, the donor
character of PTH may raise the valence band of sample 3-PTH to
—6.5 eV vs. Ey,, finding, with the help of the optical band gap,
the conduction band at —3.7 eV vs. E,. (Fig. S12 in the ESI}).
Other organic materials previously reported presented compa-
rable band energies.*

To further explore the photophysical properties of the
materials 3-PTH and pristine 3, photoluminescence (PL)
experiments and time-resolved fluorescence spectroscopy were
performed. The primary conclusion drawn from various emis-
sion experiments (Fig. S2 in the ESIf) is that the truncated
material 3-PTH exhibits a lower emission intensity compared to
pristine 3, suggesting an effective reduction in the recombina-
tion pathway of the photo-generated electron-hole pairs. In
addition, the emission spectrum of material 3-PTH shows
a broad band with two shoulders, which could be ascribed to
the maximum emission wavelength of the pristine 3 core and
PTH moiety at 415 and 447 nm, respectively (Fig. 4c). The time-
resolved PL profiles of degassed solutions of PTH and suspen-
sions of materials 3-PTH and pristine 3 in acetonitrile were
obtained (Fig. 4d). In the three samples, the decay curves were
well fitted using triexponential kinetics, with the first two life-
time components contributing the most (Table 2). The average
lifetimes (t4vg) were calculated to be 3.23 and 3.0 ns for PTH and
material 3-PTH, respectively and 1.54 ns for material 3. These
lifetime studies reveal that the excited state of material 3-PTH
exhibited a longer lifetime compared to that of pristine 3, which
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Table 2 Fluorescence lifetimes (z¢) of PTH and materials 3-PTH and 3;
charge separation rate constant (kcs) and quantum yield (@cs) of the
material 3-PTH ¢

Sample g, 118 (%) Tavgs 1S (%) kosy 571 P

Molecular PTH
3.23 — —

8.3 x 108 0.60
3.0 4.8 x 107 0.13
8.0 x 10° 0.09

Material 3-PTH  0.72 (49
2.82 (36
11.21 (15)
0.76 (72)
2.25 (25)

13.14 (3)

Material 3
1.54 — —

“ Tavg calculated using the relative amplitudes of the decay components;
kcs = 1/tg(material) — 1/1x(PTH); @cs = ks X tp(material).

can explain the superior photocatalytic performance exhibited
by 3-PTH (see below). Moreover, the charge-separation rate
constants (kcs) and quantum yields (@) for the 3-PTH sample
were calculated using PTH lifetime data as a reference (Table 2).
These values suggested that an efficient charge separation had
occurred within 3-PTH, that together with longer lifetimes
would account for the higher reaction rates and more efficient
photocatalytic activity of this material (see below).

Catalytic activity

The photocatalytic activity of the [2 + 2] photocycloaddition
polymers, both pristine and truncated, was tested in visible
light driven oxidative homocoupling of benzylamines to the
corresponding N-benzylidene-benzylamine. Thus, we attempted
the oxidation of benzylamine 4a under an air atmosphere in
acetonitrile, using 410 nm LED light irradiation according to
the analyzed spectral features (Table 3). Under this set of
experimental conditions, 3-PTH was able to promote the
oxidation of benzylamine 4a with a 75% yield in 24 hours (Table
3, entry 1). The analysis of the reaction crude showed the
starting material, the product 5a and less than 1% of byprod-
ucts such as aldehydes (see Fig. S13 in the ESIT), demonstrating
the high selectivity of this truncated polymer as a photocatalyst.
Conversely, pristine polymer 3 struggled in the oxidation of this
substrate, achieving 45% yield after the same time of illumi-
nation (Table 3, entry 2). Interestingly, we observed decompo-
sition of this pristine material 3 after the reaction, while the
truncated polymer 3-PTH was fully recovered after the experi-
ment (see below). More control experiments were performed
with the other truncated samples 3-CN and 3-CFj3, achieving
similar results (70% yield and 51% yield, respectively, see Table
3, entry 3 and 4). In addition, the reaction barely presented any
background reactivity in the absence of catalyst (Table 3, entry
5). In contrast, the reaction needed light to proceed since a non-
illuminated run resulted in negligible conversion (Table 3, entry
6). The reactivity of the heterogeneous catalysts was compared
with that of the homogeneous compounds 2-PTH and 2-cb.
Indeed, the photooxidation of substrate 4a carried out by using
2-PTH afforded 60% yield, while the same reaction using the
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Table 3 Model oxidative photocoupling of benzyl amines studied®

©/\NHZ 3-PTH \N

MeCN, air, rt, 24 h (jA /\©

4a 410 nm LED 5a

Entry Variation Yield” (%)
1 No variation 75
2 Catalyst = 3 45
3 Catalyst = 3-CN 70
4 Catalyst = 3-CF; 51
5 No catalyst 9
6 No light n.r.
7 Catalyst = 2-PTH 60
8 Catalyst = 2cb 61
9 LED = 385 nm 54
10 LED = 465 nm 24
11 LED = 520 nm 17
12 LED = white 45
13 Solvent = MeOH 31
14 Solvent = 2-PrOH 36
15 Solvent = MeOH/H,0 1:1 45
16 Solvent = DMF 94°
17 Solvent = DCM 38
18 Inert atmosphere n.r.

“ Reaction conditions: substrate 4a (0.2 mmol), 2 mg of heterogeneous
catalyst in MeCN (2 mL) under an air atmosphere was irradiated with
a 410 nm LED for 24 h at rt. The homogeneous 2-PTH and 2-cb
loading was 0.3 mol%. ? Yield (%) determined by 'H-NMR using 1,3,5-
trimethoxybenzene as the internal standard; n.r. stands for no
reaction. © Catalyst decomposition after the reaction.

cyclobutane reference 2-cb produced 61% yield (Table 3, entries
7 and 8, respectively). Thus, a similar behaviour is shown by the
homogeneous photocatalysts in the coupling of benzylamines,
even considering the different electronic properties of the
monomer and dimer. Nevertheless, heterogenization through
the light mediated [2 + 2] polymerization protocol produced an
enhancement in the photocatalytic properties of the moiety.
After the comparison, we screened the reaction conditions
changing the light and the solvent. Indeed, the conversion
achieved by 3-PTH suffered a decay when less energetic LEDs
were used because of the misalignment with the absorption
maximum (Table 3, entries 10-12), while the use of more
energetic light resulted in the formation of more byproducts
and consequently in a decrease in yield (entry 9). Therefore, the
best illumination source corresponded to the initial blue-purple
LED (the comparison with the blank activity is found in Table S1
in the ESIt). Then, the solvent effect was also evaluated (Table 3,
entries 13-17), with the best result achieved in acetonitrile
despite the high 94% yield achieved in DMF. However, the
reaction in DMF provoked a full material etch. In other solvents,
such as alcohols or water, the yield was found to be quite lower
(17-45%). Finally, molecular oxygen was determined to have
a primary role in this photo-oxidation since a catalytic test
employing an inert atmosphere (Table 3, entry 16) resulted in
negligible conversion.

We also analyzed the temporal evolution of the oxidative
visible light homocoupling of benzylamines by withdrawing
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aliquots from the reaction, using 4a as the substrate in aceto-
nitrile in air (Fig. 5a). Interestingly, after turning on the LED,
the yield linearly increased in the first 7 hours of irradiation,
achieving a value of around 60%. Then, the rate of the reaction
slowed down until achieving a steady state close to a plateau at
72% yield after 16 h. Letting the reaction run for longer times,
i.e., 24 h of illumination, allowed the yield to reach the previ-
ously discussed 75% value. This catalytic behaviour was
observed to be completely different from the background reac-
tion, whose conversion values slowly but constantly increased
until 9% yield. Interestingly, the catalytic performance showed
by sample 3 was found to be inferior compared to the activity
observed for sample 3-PTH, as predicted by the band alignment
and optical behaviour discussed above. Conversely, the activity
observed for the homogeneous reference 2-PTH followed
a similar kinetic scenario but achieving less activity than the
best sample in this study, sample 3-PTH. Indeed, it showed
similar catalytic activity to other state-of-the-art catalysts re-
ported before for this particular photochemical transformation
(see benchmark in Table S3 in the ESIT).

Based on these kinetic points, the stability and robustness of
the material was evaluated. On the one hand, we subjected
sample 3-PTH to consecutive recovery and reaction cycles
(Fig. 5b). Once the reaction reached the steady state region of
the kinetic profile (24 h of illumination), we recovered the
catalyst by centrifugation methods, and it was profusely washed
with fresh dichloromethane and acetone to remove any
remaining impurity. Next, we performed another photocatalytic
test without adding any new catalyst precursor. We let the
photooxidative coupling reaction of substrate 4a run for 24 h
and we analyzed the conversion. The procedure was repeated 4
times, and only a small loss of conversion was observed in the
last run. In contrast, sample 3 exhibited a progressive loss of

(Y
~

== b)

——3

—— Background
v 3PTH(LT)

——3PTH

2

NMR Yield (%)
\“

Yield (%)

Transmittance (a.u)

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 5 (a) Temporal evolution of the light-driven oxidative coupling of
benzylamine 4a catalyzed by the samples under study (yield was
determined by *H-NMR using 1,3,5-trimethoxybenzene as the internal
standard). (b) Recovery study of sample 3-PTH and 3 in the coupling of
substrate 4a. (c) SEM analysis of sample 3-PTH recovered after 5
catalytic cycles. (d) FT-IR of sample 3-PTH recovered after 5 catalytic
cycles (red line).
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activity during the recovery procedure. We observed that the
amount of polymer 3 recovered diminished after each run,
which may be a symptom of instability of the material during
operation that consumes the polymer. This was not observed for
sample 3-PTH, which was robust enough for not leaching any
material to the reaction medium, as demonstrated by a “hot
filtration” experiment in the coupling of substrate 4a (Fig. 5a LT
trace).””*” After removing the catalyst from the reaction by
filtration at yields of around 50% (i.e. 6 h) and illuminating the
filtrate again, no increment in the conversion was observed, as
an indication of the absence of active species leached out into
the reaction medium (see the homogeneous catalyst test for
comparison in Table 2). This test highlights the stability of the
truncated polymer 3-PTH as a photocatalyst for organic
transformations.

After assessing the temporal performance and stability of the
catalyst, we wanted to get insights into the reaction mechanism.
To do this, we conducted different photocatalytic oxidative
couplings of benzylamine 4a by varying the conditions and
adding scavengers of intermediates reported to have a role in
the mechanism of the reaction,**** allowing us to make the
proposal illustrated in Scheme 4. In particular, we tested the
role of singlet oxygen, superoxide species, hydrogen peroxide
and hydroxyl radicals (see Table S2 in the ESIt), analyzing the
yield by NMR after each experiment. As stated above, the reac-
tion needs oxygen to proceed, highlighting its role as the
oxidant of this transformation. This oxygen can be slightly
converted to singlet oxygen since the quenching experiment
with DABCO afforded 66% conversion (Scheme 4 right path).
Thus, this highly reactive species shall react with substrate 4a to
produce an imine intermediate. Nevertheless, the high conver-
sion observed in the experiment of the singlet oxygen quench-
ing may indicate that the electron transfer mechanism seems
more plausible. In this situation (Scheme 4 left path), the illu-
mination should produce the excitation of the material that
yields the oxidation of the amine 4a. As a result of these redox
reactions, the iminic intermediate and hydrogen peroxide are
obtained, possibly through the formation of superoxide inter-
mediate species (the quenching with p-benzoquinone resulted

Electron transfer

CONDUCTION BAND
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in 47% conversion, see Table S2 in the ESIt). At this point,
another molecule of substrate 4a can perform a nucleophilic
attack on the imine, and after ammonia elimination, product 5a
can be generated. The reaction cycle was closed by the decom-
position of H,0, into a hydroxy radical, which was important
for the cycle (a reaction with tert-butyl alcohol (OH' scavenger),
resulting in 16% yield, see Table S2t). Finally, as indicated
above, molecular oxygen was important too as a substrate for
catalyst 3-PTH, because an oxidative coupling of 4a performed
in pure O, resulted in 71% yield, confirming the role of oxygen
and hydrogen peroxide and the versatility of catalyst 3-PTH in
this model reaction.

We also evaluated the scope of the reaction by changing the
nature of the substrate subjected to the photooxidative coupling.
The results are depicted in Table 4. On the one hand, model
substrate 4a could be converted to the corresponding imine 5a in
a good 75% yield, as previously stated. This outcome was not
modified by adding a methyl group at the para position of the
benzene ring, since substrate 4b could be converted with a similar
yield (69% yield). However, the steric requirements of the alkyl
chains present in substrate 4c made the synthesis of imine 5¢
proceed in a lower 45% yield. Interestingly, catalyst 3-PTH could
proceed with the oxidative photocoupling regardless of the elec-
tronic nature of the substrate. For instance, electron donor
moieties as a p-methoxy group at the benzene ring (substrate 4d)
resulted in an oxidation with 69% yield, while the yield was not
significantly decreased using an electron withdrawing group as
the p-cyano substituent (yield of 5e = 59%). Halogens were also
tolerated regardless of their relative position, because the oxida-
tions of 4f (p-chloro group, 48% yield) and 4g (o-bromo group,
51% yield) were performed with similar results. In addition,
a difunctionalized benzylamine at meta positions with tri-
fluoromethyl groups (substrate 4h) was also oxidized with a good
performance of 69% yield. Interestingly, heterocycles could be
also coupled since the synthesis of thiophenyl imine 5i was per-
formed with a very good 76% yield. We also attempted the
oxidative coupling of more challenging substrates. On the one
hand, a-alkylated imine 5j was obtained in 30% yield, while an
aliphatic substrate such as butylamine 4k resulted in the

Eneray transfer
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Scheme 4 Proposed reaction mechanism according to quenching studies.
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Table 4 Scope of the benzylamine light-driven coupling catalyzed by
3-PTH

3-PTH N

i N NHy ——  — | N | N
// MeCN, 4:10 nm LED, // N
R 4 rt, air,24 h R 5

Jepachyeag ey

5a, 75% 5b, 69% 5c¢, 45%

ﬁﬁ LOTC, D”“@

5d, 69%

S
@C "0
Br Br

5e, 59%

F3C. X, CF.
AN S
CF; CF;

5f, 48%

5g9, 51% 5h, 69% 5i, 76%
NN “/\ /\“
5j, 30% 5k, decomp. 51, 42%

“ Reaction conditions: substrate 4 (0.2 mmol) and 8 mg of 3-PTH in
MeCN (2 mL) under an air atmosphere was irradiated under 410 nm
LED for 24 h at rt. Values stand for yield (%) determined by "H-NMR
using 1,3,5-trimethoxybenzene as the internal standard.

decomposition of the product. Furthermore, polycyclic 2-naph-
tylmethylamine 41 was converted to the corresponding imine in
a 42% yield. In this later case 33% of 2-napthaldehyde was
observed as a byproduct in the reaction crude.

Experimental section
General information. Materials and methods

All chemicals, solvents and reagents were purchased from
commercial sources (reagent grade quality or better) and used
without further purification if not otherwise stated. The aryl
amines used for the catalytic photooxidation tests were purified
via distillation when needed. Purification of organic products,
when necessary, was accomplished by flash chromatography
using silica gel (Merck Geduran® Si 60) in an adequate mixture
of cyclohexane (CyH) and ethyl acetate (EtOAc) eluents. The
synthesis of monomers 1, 2-PTH, 2-cb, 2-CN and 2-CF; was
adapted from literature procedures®**” and is fully described in
the ESLt{ All the organic products were characterized by
comparison of their 'H nuclear magnetic resonance (NMR)
spectral data with those reported in the literature or from
commercial sources. In the case of new compounds, 'H NMR,
C NMR and mass spectrometry (MS) spectra were recorded
and presented in the ESI.T Characterization methods are also
fully described in the ESI.f

Light-driven [2 + 2] synthesis of polymers

The typical synthesis of the organic extended materials was
performed, if not otherwise stated, as follows: a vial was charged
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with a magnetic stirring bar, the organic monomer 1 (0.2 mmol)
and the solvent (acetonitrile, MeCN) (2 mL). The vial was sealed
and placed under an inert atmosphere performing 3 consecu-
tive degassing 3 freeze-pump-thaw cycles and irradiated with
a 385 nm LED at room temperature for the desired time, typi-
cally 40 h. After that time, the vial was opened and a solid was
formed at the bottom of the vial, which was profusely washed by
5 centrifugation cycles with 15 mL of fresh dichloromethane
(DCM) each time. Drying in an oven at 60 °C for 16 h afforded
the final polymer 3. The synthesis of the truncated systems 3-
CN, 3-CF; and 3-PTH was performed identically but adding
0.02 mmol of molecule 2-CN, 2-CF; or 2-PTH to the reaction vial.

Photocatalytic oxidative benzylamine homocoupling

The typical catalytic test based on the benzyl amine light-driven
oxidative coupling was performed, if not otherwise stated, as
follows:* a vial was charged with a magnetic stirring bar, the
amine 4a-1 (0.2 mmol), the catalyst (2-8 mg of the [2 + 2] pho-
tocycloaddition polymers or 0.3 mol% of the homogeneous
catalysts) and the solvent (MeCN, 2 mL). The vial was sealed and
irradiated with a 410 nm LED while stirring at room tempera-
ture for the desired time, typically 24 h. 0.05-0.1 mL aliquots
were periodically withdrawn from the reaction vessel to track
the progress of the reaction through analysis by "H-NMR spec-
troscopy. The yields were calculated by "H-NMR using 1,3,5-
trimethoxybenzene as the internal standard. The full experi-
mental details for each imine 5 and their characterization data
are described in the ESL.}

Catalyst recovery, recycling and leaching

After the reaction was considered completed, the polymeric
photocatalysts were recovered by filtration through polytetra-
fluoroethylene (PTFE) membranes and then washed 3 times
with acetone and 3 further times with DCM, and the solid was
finally vacuum-dried. Following this procedure, the heteroge-
neous catalyst was employed in a new catalytic cycle by adding
all the reagents and solvents. This procedure was repeated
several times, analyzing the outcome of the reaction by the 'H-
NMR method. The eventual leaching was monitored by means
of a “hotfiltration” experiment. To perform this task, the
coupling of benzylamine 4a using 3-PTH as the catalyst was
allowed to proceed for a desired time, i.e. 5 h. The reaction was
removed from light, the heterogeneous catalyst was filtered off,
and the reaction solution was returned to under the LED for
further illumination (additional 16 h and 24 h). The filtrate
mixture was monitored by withdrawing aliquots at regular
intervals and analyzing them by '"H-NMR spectroscopy.

Conclusions

This work describes the employment of olefin [2 + 2] photo-
cycloaddition as a tool for the construction of a covalent organic
polymer, yielding the material 3. The material characterization
showed the establishment of cyclobutane moieties as linkages
among the monomers as a result of the proposed light-driven
methodology. In addition, this photopolymerization was

This journal is © The Royal Society of Chemistry 2025
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compatible with the monomer truncation strategy to expand the
functionality of the system. Indeed, nitrile 3-CN, trifluoromethyl
3-CF; and 10-phenyl-phenothiazine 3-PTH truncated polymers
were prepared under UV-light irradiation with a functionaliza-
tion degree of 10 mol%. According to the photophysical study,
truncate material 3-PTH improved the photophysical properties
of pristine 3, by lowering the recombination of the photo-
generated electrons and holes and exhibiting longer excited
state lifetime. Moreover, the truncation with a photoactive
moiety boosted the photocatalytic activity and increased the
robustness of the 3-PTH sample under specific reaction condi-
tions compared to the other materials in this study. Hence, 3-
PTH accounted for higher yield levels and recyclability without
degradation or leaching. It also exhibited wide scope towards 19
different amines, with yields ranging 30-75% under the
conditions evaluated. As a whole, we believe that this method
paves the way for new reactivities for the construction of cova-
lent organic polymers under light irradiation with advanced
applications beyond conventional polar synthetic methods,
demonstrating at the same time that the novel methodology is
compatible with the monomer truncation strategy to increase
the functionality of the obtained systems.
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