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Abstract

A new photoactive Pt (II) hydroxyquinoline complex has been covalently linked into the
structure of an imine-based layered covalent organic framework (COF) through the monomer
truncation strategy. Such strategy allows the incorporation of molecular fragments with only
one functional group able to condensate into the imine-framework. The photocatalytic activity
of the resulting Pt@COF has been applied to the oxidation of sulfides to sulfoxides, obtaining
excellent results for all the studied cases, and showing that in this reaction goes through both
photoredox and energy transfer processes. The results obtained showed a great enhancement of
the catalytic activity (up to 25000 turnover number, TON), stability and a significant decrease
on the reaction times, as a consequence of immobilization and isolation of Pt(Il) centers into
the organic framework. In addition, Pt@COF has been proved to be an excellent heterogeneous
photocatalyst also in exclusive photoredox processes, reaching 7500 TON in

hydrodebromination reactions.
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1. Introduction
Since their discovery in 2005,[1] covalent organic frameworks have been established as
anew type of very promising organic porous materials with interesting applications such
as gas storage,[2—4] energy storage,[5—10] drug delivery,[11] proton conduction, [12—
15] optoelectronics [16—18] and catalysis.[19-22] The possibility of tuning the COF
structure and pore size, depending on the different building blocks of which they are
composed, provides an enormous versatility.

In the catalysis field, a variety of contributions can be found using COFs as

catalytic materials as a result of incorporation of metal species.[19,23,24] For this area,



the main approach consists on the design of typical ligands modified in such a way that
can act as building blocks for the construction of the COF. Such typical ligands
(Salen,[25] catechol,[26] bipyridine,[27] and porphyrin-based[28] building blocks) are
able to coordinate a variety of metals. Different divalent metals such as Co and Zn
introduced into Salen-based COFs were used in Henry-type reactions.[25] In addition,
Vanadium centres have been coordinated to catechol-derivatives inserted in a COF
backbone, presenting high activity in oxidation and Prins reactions.[26] Moreover, Pd
and Mn were attached to bipyridine moieties and were used in Heck-epoxidation tandem
reactions.[27] Finally, porphyrin-based COFs were successfully isolated with a variety
of metal centres. For example, Fe-porphyrin-based COFs were used to decompose
hydrogen peroxide, and also in the obtention of highly ordered pyrolytic graphite.[29]
Nevertheless, all the examples presented above require the challenging design of ligands
as building blocks that contain two, three or four functional groups in the appropriate
symmetry, able to condensate into the COF structure. This requirement directly affects
the final structure of the COF and usually implies difficult syntheses. It would be easier
to have a unique functional group to be attached to the COF structure, requiring, in
general, less synthetic steps.

Very recently, an interesting strategy for the incorporation of molecular fragments
into a COF structure has been described. [30—33] This approach, named as monomer
truncation strategy, consists of blocking one of the linking points of a building block. In
such a way, this blocking generates structural defects, which are randomly distributed
into the COF backbone. On one hand, it has been employed for the functionalization of
both 3D and 2D boronate-based COFs, in order to modulate the crystal growth process.
On the other hand, such strategy has been used for the incorporation of fragments useful

for the attachment of fluorescent organic dyes through post-functionalization.[32]



Nevertheless, the application of the monomer truncation strategy has never been studied
on metal-based catalytic systems and photocatalytic systems.

In this work, we present, to the best of our knowledge, an unreported strategy to
isolate and immobilize catalytic metal complexes into the structure of an imine-based
layered COF through monomer truncation. In particular, we choose Pt(II)-
hydroxyquinoline fragment as a photoactive catalytic centre[34] in order to perform both
energy transfer and photoredox processes. For this purpose, we incorporate an aldehyde
group into the ligand, able to condensate as an imine into the COF backbone. The main
advantage of this strategy is the use of metal complexes that contain only one functional
group, instead of the generally required two, three or four functionalities in
predetermined symmetries. Therefore, using this strategy, the difficulty of the synthesis
of molecular precursors is significantly decreased. Aiming to evaluate the advantages
of introducing such Pt centers into COF backbones, we compare the inherent
photocatalytic activity of both molecular Pt complex and undecorated imine-based
COFs,[35] with that of the new hybrid material. Catalytic activity of the Pt@COF will
be first studied in the photooxidation of sulfides via energy transfer, whereas photoredox
processes are expanded through photohydrodebromination reactions [36], showing the

great photocatalytic potential of this new truncate strategy in materials.

2. Experimental.
2.1. Materials and methods.

All reagents and solvents were purchased from commercial sources and used without
further purification.

Light irradiation was carried out using a 15W blue LED photoreactor thermostated at

25 °C. A spectro-radiometer equipment Stellarnet model Blue-Wave UV-NB5(0 was employed
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to measure the emission of the Blue LED used (range 300-600 £, integration time CR2-AP +
200 ms, intensity 21.7217 W/m?).

Nuclear Magnetic Resonance (NMR) spectra were acquired on a Bruker AV-300
spectrometer, running at 300 MHz for 'H, at 75 MHz for '*C and at 65.5 Hz for '*°Pt. 13C solid
State Nuclear Magnetic Resonance were acquired on a Bruker AV-400 spectrometer coupled to
a multinuclear probe (’N-*'P) CPMAS with triple channel (BL4 X/Y/'H) for a 4 mm rotor at
room temperature, using 1k scans and 12 kHz of turning speed. The 'H excitation pulse used is
n/2 * 2.75 us and the contact pulse is 3 ms.

Powder X-ray difraction was obtained in a X Pert PRO difractometer 6/20 geometry
from Panalytical equipped with a Johansson monochromator for A Ky, a X’ Celerator fast
detector in an alumina holder. The 6/26 swept was performed from 4 to 45 ° with an angular
increase of 0.0167 °/100 s.

Scanning Electron Microscopy (SEM) images were carried out on a Hitachi S-3000N
electron microscope with a coupled ESED detector and an analyzer from energy dispersive X-
ray from Oxford Instruments, INCAx-sight model. The images were obtained in vacuum after
being metallized in a Sputter Quorum Q1507T-S with gold coating.

Qualitative and quantitative Total X-Ray Fluorescence analyses (TXRF) were
performed with a benchtop S2 PicoFox TXRF spectrometer from Bruker Nano (Germany)
[37,38]. TXRF system was equipped with a Mo X-ray source working at 50 kV and 600 pA,
a multilayer monochromator with 80% of reflectivity at 17.5keV (Mo K,), a XFlash SDD
detector with an effective area of 30 mm? and an energy resolution better than 150 eV for
59keV (Mn K,). For deconvolution and integration commercial Spectra v. 7.5.3 software
package from Bruker was used. Previously to the measurements, sample acid digestions were

performed in a high pressure and temperature microwave. Acid digestion technology was used



by mean of an UltraWAVE digestion system from Millestone (Italy) with a single reaction
chamber able of operates up to 199 bar pressure and 270 °C.

Synchrotron X-ray total scattering data suitable for Pair Distribution Function (PDF)
analyses were collected at the P02.1 beamline at PETRA IIII using 60 keV (0.207 A) X-rays.
Samples were loaded into kapton capillaries and sealed using epoxy. Data were collected using
an amorphous silicon-based PerkinElmer detector area detector. Geometric corrections and
reduction to one-dimensional data used DAWN Science software.[39] PDFs were obtained
from the data using PDFgetX3[40] within xPDFsuite software to a Omax = 10 A1 and 17 A7,

for the solutions and the solids, respectively.

2.2. Experimental Procedures.

Synthesis of complex 2: The synthesis of complex 2 was performed following a
previously reported procedure for similar Pt(II)-hydroxyquinoline complexes.[34] To a solution
of NaOH (18 mg, 0.474 mmol) in MeOH (0.9 mL), L.2 (82 mg, 0.474 mmol) and acetone (1.8
mL) were added. To the brown suspension, cis-PtClx(dmso)> (200 mg, 0.474 mmol) was added.
The mixture was stirred at room temperature and in the absence of light during 24 h. The
complex was isolated by filtration, washed with water and Et2O and dried at vacuum. Yellow
solid, 210 mg obtained (92% Yield). 'H-NMR (300 MHz, DMSO-d®) 6 10.08 (s, 1H), 9.74 (d,
J=8.7Hz, 1H), 9.43 (dd, J=5.4, 1.1 Hz, 1H), 8.15 (dd, /= 8.4 Hz, 1H), 7.92 (dd, J= 8.6, 5.4
Hz, 1H), 7.10 (d, J = 8.3 Hz, 1H) ppm. "*C-NMR (75 MHz, DMSO-d®) § 190.8, 172.4, 148.7,
143.8, 141.7,137.4, 128.8, 125.1, 119.2, 113.6, 45.9 ppm. '*>Pt-NMR (64.5 MHz, DMSO-d®)
8-2735.9 ppm. MS (ESI") m/e = 481 (M"). Elemental analysis: calculated for C12H;2CINO3PtS:

C:29.98%; H: 2.52%; N: 2.91%; S: 6.67%. Found: C: 30.01%; H: 2.56%; N: 2.95%:; S: 6.45%.

Synthesis of Pt@COF: In a 50 mL two-necked round bottom flask equipped with an

addition funnel, molecular sieves 3A and 1,3,5-tris(4-aminophenyl)benzene TAPB (103 mg,
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0.293 mmol) were added. The system was purged with three vacuum-Ar cycles. Then, 5 mL of
dry DMSO and 220 pL of glacial acetic acid were added. A solution of complex 2 (35 mg,
0.073 mmol) in 6 mL of dry DMSO was added dropwise using the addition funnel. Once this
addition was completed, the mixture was stirred during 30 minutes at room temperature. This
mixture was filtered under Ar and transferred via cannula to a 50 mL round bottom flask that
contains 1,3,5-benzenetricarbaldehyde BTCA (48 mg, 0.293 mmol) dissolved in 5 mL of dry
DMSO and 250 pL of glacial acetic acid. The reaction stirred during 24 h at room temperature.
Then, it was isolated by filtration and washed with DMSO, MeOH and THF. The yellow solid
was immersed in 7 mL of THF during 24 h, then filtered again and activated under vacuum and

80 °C overnight. For the characterization, see Supporting Information.

Synthesis of Pt@COF-Annealed: The Pt@COF-Annealed 1d was synthesized
following an adapted reported procedure.[41] A 45 mL solvothermal reactor was charged with
Pt@COF (80 mg), 6.4 mL of a mixture of anhydrous dioxane : mesitylene (5:1), 1.3 mL of
distilled water and 1.9 mL of glacial acetic acid. The reactor was heated at 120 °C for 3 days,
yielding a yellow solid which was isolated by filtration and washed with toluene and THF. The
resulting powder was immersed in anhydrous THF for 24 h and dried first at room temperature
under vacuum for 12 h, and then at 100 °C for 2 h to afford a yellow powder, Pt@COF-

Annealed.

General procedure for the photooxidation of sulfides: An oven-dried 10 mL vial
equipped with a magnetic stir bar was charged with catalyst (2.4 mg) and the corresponding
sulfide 3 (0.3 mmol). Then, 2 mL of MeOH were added. The vial was closed with a PTFE /
rubber septum and the reaction mixture was degassed by three cycles vacuum / oxygen of
“freeze-pump-thaw”. Then the vial was placed on a blue light LED photoreactor (450 nm) with
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an O2 balloon and the reaction mixture was stirred at 25 °C. The reaction was monitored by
TLC and '"H-NMR. After the total consumption of the sulfide, the crude was filtered through

membrane filter and purified by flash chromatography.

General procedure for the photohydrodebromination of organic bromides: An
oven-dried 7 mL vial equipped with a magnetic stir bar was charged with catalyst (2.4 mg) and
the corresponding bromoderivative (0.3 mmol). Then, 3 mL of EtOH were added. The vial was
closed with a PTFE / rubber septum and the reaction mixture was degassed by three cycles
vacuum / Argon of “freeze-pump-thaw”. Then the vial was placed on a blue light LED rack
(450 nm) with an Ar balloon and the reaction mixture was stirred at 25 °C. The reaction was
monitored by TLC and 'H-NMR. After the total consumption of the reactant, the crude was

filtered and purified by flash chromatography.

3. Result and Discussion
3.1. Synthesis and characterization.

To accomplish the strategy presented in the introduction, we designed a Pt(II)-
hydroxyquinoline complex bearing an aldehyde group, which should allow to covalently
attach it to the organic framework. First, the synthesis of the ligand was made by a
modification of a reported Reimer-Tiemann reaction.[42] Later, the complexation
reaction was carried out according to a previously reported procedure.[34] Spectroscopic
characterization of both ligand L2 and complex 2 agreed well with the expected
structures. Furthermore, complex 2 was characterized by single crystal X-ray
diffraction,[43] confirming the predicted formulation (See Scheme 1 and Supporting
Information for further details). In addition, for comparison purposes, we prepared

complex 1, as parent complex with photocatalytic activity, but that cannot be covalently



incorporated as a structural defect into the COF backbone, since it does not contain an

aldehyde group into its structure.
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Scheme 1: Synthesis of complex 1 and 2, and single crystal X-ray structure.

Once complex 2 was satisfactorily prepared, we proceeded to the synthesis of the
hybrid material. We chose a simple imine-based layered COF as a model platform,

formed by the TAPB and BTCA under mild acidic conditions (see Scheme 2).
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Scheme 2: Synthesis of Pt@COF under mild acidic conditions.

SAr

The first step of COF synthesis consisted in the incubation during 1 hour of the

complex in the presence of an excess of the TAPB (1:4), using DMSO as solvent and

acetic acid (2%) as catalyst. The truncated monomer is generated in situ, without

isolation of the possible imine products. Then, the mixture was forced to react with a

stoichiometric amount of BTCA in DMSO. After 24h of reaction, a yellow solid

precipitated which was isolated by filtration. The obtained Pt@COF material was firstly

characterized by Fourier-Transformed Infrared Spectroscopy (FTIR), observing the

typical peaks for a polyimine layered COF (Figure 1d, black line): a) the imine C=N and

C-C=N-C stretching bands, which appear at 1616 cm™' and 1262 cm’!, respectively, and

b) the corresponding aromatic ring stretchings at 1590, 1500 and 1445 cm™!. In addition,

BC-NMR experiments using Cross Polarization combined to Magic Angle Spinning
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(1*C-CP-MAS) were performed. The signal at 157 ppm (which corresponds to the iminic
carbon) and the aromatic signals (148, 138, 128, 122 and 116 ppm) perfectly match with
those observed in comparable pristine layered-COFs (see Supporting Information). [44]
The Powder X-ray Diffraction (PXRD) pattern showed wide diffraction peaks,
suggesting the formation of a material with moderated crystallinity. Thus, albeit with
low intensities, the signals centred at 5.7 and 9.9 degrees can be clearly distinguished.
According to simulated diffraction pattern previously reported (see Supporting
Information) [45], such peaks correspond to the indexed planes (100) and (110), (Figure
Ic), black line). A layered microstructure was observed by SEM images (Figure 1a).
Total X-ray Fluorescence (TXRF) analysis were performed in order to determine the
quantity of Pt incorporated into the COF structure, resulting on a 0.3% wt. Such low
incorporation of complex could be attributed to the reversible nature of imine bonds that
results in self-healing of structural defects, allowing only a limited extent of introduction
of functional groups as defective sites in the covalent framework. Accordingly, similar
results were obtained on synthesis using higher amounts of complex 2. Interestingly,
although such low loading represents a minimal structural deviation from pristine
material, it has been proved to be catalytically relevant (see below). Specially, in
photocatalytic processes, high catalytic loadings are not generally favourable due to the
self-quenching of the excited states. Thus, considering both features, we did not further
attempt higher Pt loadings.

In order to improve the crystallinity, the Pt@COF was subjected to solvothermal
conditions (see Supporting Information), as previously reported for related COF
systems. [41] Treatment at 120 °C of Pt@COF in a 1:5 mesitylene-dioxane mixture in
presence of 10 M aqueous acetic acid resulted on a layered crystalline COF (Pt@COF-

Annealed), that showed a significant improvement on the diffraction pattern by PXRD
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(Figure 1c, red line). Layered microstructure was also confirmed by Scanning Electron
Microscopy (SEM). The chemical identity of the COF was evaluated by FTIR and '*C-
CP-MAS-NMR, which is identical to that of the Pt@COF. Interestingly, thermal
treatment did not imply leaching of platinum complex and therefore, the platinum

content measured by TXRF was kept at 0.3% wt (see Supporting Information).
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Figure 1: Characterization of Pt@COF and Pt@COF-Annealed. a) Scanning Electron
Microscopy image of Pt@COF. b) Scanning Electron Microscopy image of Pt@COF-
Annealed. c) Comparison of the PXRD patterns of Pt@COF (black), Pt@COF-
Annealed (red) and Pristine COF-Annealed (blue). d) Comparison of the FTIR spectra

of Pt@COF (black), Pt@COF-Annealed (red) and Pristine COF-Annealed (blue).
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In order to understand the role of the aldehyde group in complex 2, we decided
to synthesize an analogous material using complex 1, which do not contain the carbonyl
fragment. In absence of a functional group that can condensate with amines, such
compound should not be incorporated and only could maintain weak interactions with
the COF. After material’s synthesis, qualitative TXRF analysis did not shown detectable
quantities of Pt (see Supporting Information). Therefore, carbonyl group is essential to
charge the material with some amount of platinum complex and when it is incorporated,
it is stable enough to not leak after at least 72 hours on suspension under high
temperatures (see above). Such observations give evidence that platinum complex is
covalently attached to the covalent organic framework as structural defects. To
demonstrate such structural model, we performed Pair Distribution Function (PDF)
analysis of synchrotron X-ray total scattering data. Such measurements allowed us to
probe the local structure of the platinum centres within the COF. Differential PDF data
(d-PDF), calculated by subtracting the signal of the pristine COF to that of Pt@COF,
showed the occurrence of narrow correlations up to ~14 A, demonstrating that the Pt
complex is covalently bonded to the COF framework. Moreover, the contribution
centred at ~2.32 A is characteristic of Pt-Cl and Pt-S bond distances (Figure 2).
Additionally, the broad d-PDF peak observed for Pt@COF also contains a subtle
contribution around ca. 2.1 A linked to Pt-N,O distances. Due to the low content of
platinum complex on the Pt@COPF, together with the strong X-ray scattering power of

Cl and S, the d-PDF signal is shifted to the Pt-Cl,S bond distance values.
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Figure 2: d-PDF data obtained for Pt@COF system as solid (black) in comparison with
complex 2 in solution (green) before catalysis. The significant contribution at ~1.25 A
for Pt@COF is associated with the presence of guest organic molecules within the COF

pores. For further details of the PDF analyses, see Supporting Information.

3.2. Photocatalytic activity: sulfoxidation reaction.

3.2.1. Screening of the catalyst. The catalytic performance of both Pt@COF and
Pt@COF-Annealed were evaluated using as a model reaction the photosulfoxidation
of the methyl(p-tolyl)sulfide (Table 1), which has been previously reported for complex
1 [34,46] and different COF-based systems.[47,48] As a control experiment, we
evaluated the performance of the pristines COF and COF-Annealed. After 7 hours of
reaction at room temperature irradiating at 450 nm in an O saturated atmosphere,
pristine COFs showed poor reaction conversions (10% and 33%, see Table 1, entries 4
and 5). Interestingly, for pristine materials, crystallinity (which is improved in pristine

COF-Annealed) is a key factor to enhance the catalytic performance, which was
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attributed to the beneficial effect of improving the extended conjugation across the
material. In contrast, while Pt@COF accounts for 88% of conversion, under the same
conditions Pt@COF-Annealed allows to obtain a conversion of 75%. These results
suggest that the activity observed is mainly due to the isolated Pt centers instead of the
overall material. Thus, as observed for other functionalized COFs, [49] while improved
conjugation is not a decisive factor, it seems that the particle size of the material plays a
key role. The smaller particle size for Pt@COF results in an improved accessibility to
active centers over all the material and hence an increased reactivity. Moreover, it is
worth to mention that pristine materials (in absence of Pt centers), although showed a
limited activity for this reaction, are always much less effective than Pt@COF materials.
Indeed, reaction conditions (time, solvents, etc) used in the present work only allow the
observation of residual amounts of products under pristine COFs catalysis, while almost
complete conversions are observed using Pt@COF. In addition, various experiments
without irradiation or in presence of Ar atmosphere indicated that both light and
molecular oxygen are indispensable for this oxidation process. Owing the better catalytic
performance and the simplicity of the synthesis procedure for Pt@COF, the rest of

experiments shown in this work were performed using this material.

Table 1: Screening of the sulfoxidation reaction 2.

O
S__ Catalyst (2.4 mg) S
/©/ MeOH, rt, O, /O/
3a Blue LED (455 nm) 4a
Entry Catalyst Conversion (%) "
1 - 0
2 Pt@COF 88
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3 Pt@COF-Annealed 75

4 Pristine COF 10

5 Pristine COF-Annealed 33

[a] Reactions were carried out with 3a (0.3 mmol) and 2.4 mg of
the corresponding catalyst in 2 mL of the indicated solvent under
blue light irradiation and Oz atmosphere (see Supporting
Information for further details) after 7 hours. [b] Determined by 'H

NMR analysis of the crude mixture.

3.2.2. Recyclability, Stability and Leaching Experiments. A main advantage of
performing catalytic transformations using Pt@COF arises from the different
behaviour, of this material and complex 2 under analogous conditions. Interestingly,
when the reaction was performed in the homogeneous system using complex 2, adding
the same number of equivalents of Platinum complex as those present in heterogeneous
system, the reaction reached 60% yield after 2 h, but did not advance any further (Figure
3, red line), which represent a moderated TON (4875). However, the heterogeneous
system has been proved to be much more robust. In fact, Pt@COF can perform several
8 hours catalytic runs that corresponded to 8125 TON each run at full conversion (Figure
3, black line). Therefore, although initial reaction rate is lower using Pt@COF, this
material preserves the platinum centers to perform much more catalytic cycles than the
homogeneous system, reaching approximately 25000 TON, much higher than 4875
TON for the homogeneously catalysed reaction. In addition, leaching processes have
been discarded through several experiments: after one initial 8 h run, the reaction
medium was filtrated, in which no detectable quantities of Pt were found using ICP-AES

analysis. Furthermore, after the removal of the solid catalyst and the re-addition of 0.30
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mmol of 3a, no further reaction was observed for the next 16 hours (Figure 3, blue line).
This result implies that there is no homogeneous catalytically active species in solution,

and the observed catalytic activity is only attributed to the Pt@COF.

3
wid
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2
OO ! I ! I ! I ! I ! I ! I
0 8 16 24 32 40 48
Reaction time (h)

Figure 3: Catalytic evolution of the photooxidation of sulfide 3a to sulfoxide 4a. This essay
was performed by the addition of 0.30 mmol of sulfide 3a every 8 hours of reaction, under O»
atmosphere (black squares for the Pt@COF-catalyzed reaction, and red circles for the
homogeneous catalyzed reaction). The blue triangle line corresponds to the experiment carried
out in order to test if leaching is produced: after a 8h catalytic run, reaction medium was filtrated

and 0.3 mmol of 3a were added, observing that the reaction did not advance further.

In order to better understand the differences in catalytic activity for the
photocatalytic oxidation of methyl(p-tolyl)sulfide of the homogeneous and
heterogeneous platinum-containing systems (Figure 3), X-ray synchrotron PDF
experiments were performed to the catalyst after the reaction (see Figure 4). d-PDF
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analyses on the molecular complex 2 in solution after catalysis, obtained by subtracting
the PDF of the solvent to that of the Pt-complex in solution, showed the presence of a
signal centred at ~2.6 A associated with Pt-Pt correlations together with a signal at ~1.95
A linked to Pt-N,O bond distances characteristic of the molecular complex (Figure 4,
green line). This result suggests the significant aggregation of Pt during catalysis, which
could be the cause of the loss of catalytic activity observed for the homogeneous system.
However, due to the low concentration of Pt compound 2 used in this experiment
(comparable to the platinum content on Pt@COF), observation of nanoparticles has not
been possible by electron microscopy. d-PDF analyses of the heterogeneous Pt@COF
system showed a significantly different structural scenario, with a signal centred at ~2.38
A linked to Pt-CI,S distances, as observed in Figure 2 for precatalysis-Pt@COF, and no

evidence for the formation of Pt-Pt bonds (Figure 4, black line).

Post-catalysis
Pt@COF

- Pt-CIS

d-PDFs

Post-catalysis
Complex 2

=-Pt-N,0
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Figure 4: d-PDF data obtained for Pt@COF system as solid (black) and complex 1 in solution
(green) after catalysis. The significant contribution at ~1.25 A for Pt@COF is associated with

the presence of guest organic molecules, including catalytic products, within the COF pores.

3.2.3. Mechanistic experiments. The effect of immobilization of platinum centers has
been observed beyond their enhanced catalytic activity inside the organic framework. In
addition, mechanistic data revealed some intriguing differences on the pathways
followed by reactions catalysed by complex 2 or Pt@COF. Such observations have been
made performing different indirect studies. Two different mechanisms[50] are possible
for this reaction (Scheme 3): a) an energy transfer process, where singlet oxygen is the
reactive oxygen species, or b) a photoredox process, where the transformation is
mediated by superoxide radical anion and produces an intermediate radical cation sulfide
species. Differentiation between these two mechanisms can be achieved by using
selective additives that can act as quenchers or enhancers, indicating which is the
predominant pathway and the reactive oxygen species. In particular, deuterated solvents
accelerate the reaction via energy transfer.[51] On the other hand, 1,4-
dimethoxybenzene (1,4-DMB) is able to act as a scavenger of radical-cation sulfide
species, [50] that appear as a consequence of a photoredox mechanism. However,

DABCO can react with singlet oxygen, inhibiting the energy transfer pathway.[50]
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Scheme 3: The two possible mechanisms for the photooxidation of sulfoxides to sulfoxides

under visible light conditions.

As previously reported for complex 1,[34,46] complex 2 is only able to act as a
photoredox catalyst , and its photocatalytic activity is only quenched by 1,4-DMB (Table
2, entry 8). However, when the reaction was performed using Pt@COF as catalyst, both
energy transfer and photoredox pathways must be considered, because both scavengers
decreased the reaction conversion, while using deuterated methanol increased the
catalytic output. These results indicate that the covalent incorporation of complex 2 as
defect into the structure of the imine-based layered COF completely modifies its
photocatalytic activity, enabling not only photoredox transformations, but also energy

transfer reactions. Such effect is probably the result of avoiding intermolecular Pt-Pt
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encounters. In solution, interaction between platinum complexes should account for
triplet annihilation, hampering energy transfer to oxygen molecule. However, being
discarded such interactions on isolated Pt centres on Pt@COF, energy transfer appears
as a possible pathway, expanding the applicability of the photocatalyst in other

transformations.

Table 2: Experiments for the determination of the predominant mechanistic pathway in

the photosulfoxidation reaction.?

0
S._ Catalyst (0.012 mol% Pt) S
/©/ MeOH, additive /©/
rt, 02
3a Blue LED (455 nm) 4a
Entry Catalyst Solvent Additive (mol%o) Conversion (%)°
1 Pt@COF CH3;OH - 88
2 Pt@COF CH3;OH - 100
3 Pt@COF CH3;OH DABCO (50) 37
4 Pt@COF CH3;OH 1,4-DMB 67
5 Complex 2 CDs;0OD - 60
6 Complex 2 CDs;0OD - 50
7 Complex 2 CDs;OD DABCO (50) 68
8 Complex 2 CDs;0OD 1,4-DMB 44

[a] Reactions were carried out with 3a (0.3 mmol) in presence of the corresponding
catalyst in 2 mL of solvent under blue light irradiation and O> atmosphere. [b]

Determined by 'H-NMR measured on the crude mixture after 8 h.
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3.2.4. Substrate scope of the sulfoxidation reaction under Pt@ COF catalysis. In order
to evaluate the scope of the possible sulfoxidation reaction, the photooxidation of
different sulfides using Pt@COF as catalyst was studied (Scheme 4). Sulfoxides with
electron-donating groups at the aryl moiety (4a-b) were obtained in good yields and
quite low reaction times, with high TON (around 7500). In the case of electron-
withdrawing groups (4c-d), longer reaction times were required, but TON was
maintained above 5000. In addition, the oxidation of sulfides with cyclopropyl (4e) and
allyl (4f) substituents in the aliphatic moiety also worked with good yields and total
selectivity, without detection of benzaldehyde or other subproducts. Moreover,
dialkylsulfides (4g-h), even highly hindered, were also oxidized to the corresponding
sulfoxides in shorter reaction times and excellent yields, reaching the highest TON (more
than 8000). Finally, diphenylsulfoxide 4i was obtained in moderated yield. It is well-
known that this oxidation is difficult, and that this substrate is only oxidable when the
reaction goes through a photoredox mechanism.[51] On the other hand, the 1-
(methylsulfinyl)-4-nitrobenzene, 4d, which is also transformed in this system, is only
able to get oxidized when the reaction proceeds via singlet oxygen.[51] It is noteworthy
that the substrates that proceed exclusively through one or another pathway are the less
reactive. All these data taken together are in agreement with the mechanistic studies
explained above: the Pt@COF, under these reaction conditions, is able to act both as an
energy transfer and a photoredox catalyst. Remarkably, pristine COFs did not show any
significant photocatalytic activity under these conditions, and consequently the results

obtained are totally ascribed to the Pt complex.
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Scheme 4: Scope of the photosulfoxidation reaction using Pt@COF as catalyst. Reactions

were carried out using 3 (0.3 mmol) and 2.4 mg of Pt@COF in 2 mL of MeOH under blue

light irradiation and O2 atmosphere. The yields were determined after the isolation of the

product (see Supporting Information for further details).
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3.3. Photocatalytic activity: hydrodebromination reaction.

Owing the double nature of the catalytic system (Energy Transfer — Photoredox), we
extended the applicability of Pt@COF with the study of a reaction that proceeds through
a purely photoredox mechanism: the photohydrodebromination of organic
bromides.[46,52] This reaction has been scarcely explored under COF photocatalytic
systems, being necessary the predesign of photoactive building blocks such as
triphenylamines [53] or diazothiazoles.[54] However, undecorated imine-based COFs
are not able to catalyze this reaction, since high reducing potentials are needed (<-1.2 V
vs SCE).[55] In addition, only a few substrates with highly activated C-Br bonds have
been efficiently reduced, such as phenacyl [54] or malonate bromides using non-
ecofriendly solvents or high power light sources.[53] Moreover, this reaction is of
environmental interest because brominated products are persistent pollutants, and its
photodegradation is a promising way for its remediation.[55] Thus, we wondered if
Pt@COF, which contains a powerful photoredox unit, would be capable of catalyzing
this reaction under environmentally benign conditions. First of all, the photocatalytic
hydrodebromination of the diethylbromomalonate, a readily reducible substrate, was
carried out, using diisopropylethylamine (DIPEA) as a sacrificial electron donor
(Scheme 5).[52] The results confirmed the high activity of the Pt@COF towards this
reaction, with 80 % of yield after 8 h, using EtOH as green solvent. In addition, control
experiments were performed in absence of catalyst or in presence of pristine layered
COF, observing less than 5% of conversion, confirming that the observed photoredox
activity is totally attributed to the immobilized Pt centers. This catalytic system
demonstrates to be quite robust, being applied to more hindered bromomalonate
derivatives 6b and 6c¢. In addition, benzylic bromides such as 6d and 6e were efficiently

reduced under mild conditions and low reaction times. The reaction worked also for
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phenacyl bromides (6f, 6g). Finally, the more challenging aromatic substrates (Csp>-Br)
6h and dihalogen 6i were readily reduced under longer reaction times. These results
demonstrate the wide applicability of this material to different photocatalytic processes,

presenting very high turnover numbers (up to 8000) and excellent photoredox properties.

Pt@COF (2.4 mg)
EtOH (3 mL)

DIPEA (3.5 equiv.)
25°C, Blue LEDs, Ar

O O O O

/\o)%o/\ XOMOk

6a, 8 h, 80%
TON = 6500

()

H

6d, 24 h, 90%
TON =7313

O
H

69, 24 h, 62%
TON = 5038

6b, 10 h, 84%
TON = 6825

6e, 24 h, 88%
TON =7150

X

—

N~ ~H

6h, 48 h, 85%
TON = 6906

6c, 16 h, 89%
TON = 7231

o)
o oy
O-N O,N

6f, 24 h, 75%

TON = 6094
| AN
H” > N"H

6h, 72 h, 43%
TON = 3494

Scheme 5: Scope of the photodebromination reaction under Pt@COF catalysis. The reaction
was performed using 0.3 mmol of the corresponding brominated reagent in presence of 2.4 mg

of Pt@COF, 3 mL of EtOH and 3.5 equivalents of DIPEA under blue light irradiation and Ar
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atmosphere. The yields were obtained after isolation of the corresponding products (see

Supporting Information for further details).

4. Conclusions
In conclusion, design of a new Pt(Il)-hydroxyquinoline complex has allowed the
covalent incorporation of photoactive Pt(II) centers into a 2D layered imine-based COF.
For the first time, a metal center has been incorporated to a COF applying the monomer
truncation strategy. This strategy has many advantages, such as: high versatility and
simplicity, exhaustive control over the metal coordination environment and slight
alteration of the material structure, allowing the obtention of heterogeneous
photocatalyst with enhanced stability, recyclability and activity of the isolated catalytic
centers. Despite the low content of Pt(Il) (0.3% wt.) resulting from the reversibility of
imine bonds, a great enhancement of the photocatalytic activity has been observed in
comparison with molecular catalysts and pristine materials, being possible to reach up
to 25000 TON for sulfoxidation processes. While complex 2 in solution can only proceed
through a photoredox mechanism, Pt@COF is able to follow both energy transfer and
photoredox pathways since is avoiding aggregation processes, which are responsible of
the inactivation of homogeneous catalysts. Thus, not only a variety of organic sulfides
have been selectively transformed into sulfoxides (energy transfer process), but also
photohydrodebromination of bromo-derivatives (photoredox process), have been
observed in excellent yields and very high turnover numbers.

Overall, the work presented herein extents the catalytic uses of functionalized
COFs to a wide range of reactions mediated by metal centers with predetermined
coordination environments, that can be easily attached to organic backbones through

simple chemical transformations. The obtained results will contribute to the design of
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catalytic heterogeneous systems with high activity, recyclability, selectivity and

stability.
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