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Crystal-to-Crystal Synthesis of Photocatalytic Metal-
Organic Frameworks for Visible-Light Reductive Coupling
and Mechanistic Investigations

Luis Gutiérrez',™ Suvendu Sekhar Mondal*,”® Alberto Bucci ™ Noufal Kandoth,™
Eduardo C. Escudero-Adan,™ Alexandr Shafir,® and Julio Lloret-Fillol*®? ¢

Postmodification of reticular materials with well-defined cata-
lysts is an appealing approach to produce new catalytic func-
tional materials with improved stability and recyclability, but
also to study catalysis in confined spaces. A promising strategy
to this end is the postfunctionalization of crystalline and
robust metal-organic frameworks (MOFs) to exploit the poten-
tial of crystal-to-crystal transformations for further characteriza-
tion of the catalysts. In this regard, two new photocatalytic
materials, MOF-520-PC1 and MOF-520-PC2, are straightforward-
ly obtained by the postfunctionalization of MOF-520 with pery-
lene-3-carboxylic acid (PC1) and perylene-3-butyric acid (PC2).
The single crystal-to-crystal transformation yielded the X-ray

Introduction

Photoredox catalysis has emerged as a powerful synthetic al-
ternative to classical thermal organic transformations.”” An im-
portant family of photoredox catalysts (PCs) are based on iridi-
um, ruthenium, and copper transition metals due to their ro-
bustness and long-lived metal-to-ligand charge-transfer (MLCT)
excited states.!*?

As a cost-effective alternative, organic dye PCs, such as ben-
zophenones, cyanoarenes, quinoline, and pyrylium salts, have
emerged as promising PCs based on earth-abundant ele-
ments.”! Additionally, simple perylene can also efficiently pro-
mote redox transformations under light irradiation.”

A promising approach to further develop catalysts is to com-
bine outstanding intrinsic activities of homogeneous systems
with the chemical stability of heterogeneous ones by immobili-
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diffraction structure of catalytic MOF-520-PC2. The well-defined
disposition of the perylenes inside the MOF served as suitable
model systems to gain insights into the photophysical proper-
ties and mechanism by combining steady-state, time-resolved,
and transient absorption spectroscopy. The resulting materials
are active organophotoredox catalysts in the reductive dimeri-
zation of aromatic aldehydes, benzophenones, and imines
under mild reaction conditions. Moreover, MOF-520-PC2 can
be applied for synthesizing gram-scale quantities of products
in continuous-flow conditions under steady-state light irradia-
tion. This work provides an alternative approach for the con-
struction of well-defined, metal-free, MOF-based catalysts.

zation of the catalytic sites. In some cases, catalyst immobiliza-
tion leads to a reduction of performance due to the inaccessi-
bility of active sites and mass-transport issues. On the other
hand, the recyclability and stability of heterogenized catalysts
generally increase. Successful examples include the coordina-
tion of PCs on porous zeolites,” polymers,® and metal-organic
frameworks (MOFs).”® Among them, MOFs are versatile mate-
rials because they are built from organic bridging ligands and
inorganic connecting points (referred to as secondary building
units (SBUs))." Not only the large number of accessible
SBUs,” metalloligands,"” and organic linkers,""'? but also
postmodification by the encapsulation of guest molecules
offer a further possibility of functionalization, such as the incor-
poration of photoactive molecules.™ As a result, the proper-
ties of the final material can be modulated to broaden the
range of possible applications, from gas adsorption to sens-
ing,™ light-emitting devices,"® biochemical systems,” and
heterogeneous catalysis."® Therefore, MOFs are unique to
design earth-abundant, metal-based, single-site solid cata-
lyst."® Still, only a limited number of MOFs have been report-
ed to catalyze light-driven organic transformation,'? despite
the wide variety of homogeneous PC counterparts."” Those
examples rely on demanding synthetic procedures, such as the
synthesis of Ru'- and I'"-polypyridyl complexes into UiO-type
frameworks or metalloporphyrin MOFs, or the use of photo-
redox organocatalysts for the direct synthesis of polymers!''?

A pioneering study by Yaghi and co-workers demonstrated
that the coordinative alignment (CAL) of a guest molecule to
the SBU of MOF-520 is an excellent methodology to allow the
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postsynthetic modification and determination of a single-crys-
tal X-ray structure and absolute configuration of bound mole-
cules.” This crystal-to-crystal modification involves the re-
placement of the bridging formate ligands of the SBUs with
guest molecules possessing carboxylate, phenol, diol, azolate,
sulfur-containing oxoacid, and phosphorus-containing oxoacid
moieties.””

Inspired by these studies, we hypothesized the advantage of
including functional guest molecules into MOF-520, such as
PCs. Coordination of the guest molecule into the SBU places
the PC in a confined environment, which may allow for crystal-
lographic characterization, and therefore, aid in providing a
mechanistic understanding. Another interesting aspect of the
coordination of guest molecules into MOF-520 is that the ma-
terial can be considered as being composed of a collection of
isolated units, and therefore, acting as single-site catalysts in a
heterogeneous material. In general, mechanistic studies on
heterogeneous phases are more challenging than those on ho-
mogeneous ones. However, heterogeneous reticular materials,
with well-defined single catalytic sites, may serve to clarify
mechanistic aspects that are otherwise tough to address in a
homogeneous phase. For instance, it could be useful to eluci-
date the active catalytic species in PCs based on m-conjugated
molecules. The tendency to form m-stacking aggregates in so-
lution introduces an uncertainty into the catalytic species since
the dynamics of excited states are very complex.?" In those
systems, the catalytic activity can result from the monomer,
the dimer, larger aggregates, or from a combination thereof.

As a proof of concept, we have anchored two different PCs
in MOF-520. Perylene-3-carboxylic acid (PC1) and perylene-3-
butyric acid (PC2) reacted with MOF-520 and were incorporat-
ed into the structure through a crystal-to-crystal transforma-
tion. The resulting MOFs (MOF-520-PC1 and MOF-520-PC2, re-
spectively) showed photoredox catalytic activity for the C—C
bond reductive dimerization of aromatic aldehydes, ketones,
and imines, under mild reaction conditions. The diols and di-
amines obtained are structural motifs in natural products,®?
pharmacologically active compounds, and auxiliaries in asym-
metric syntheses.”” The reaction was also performed under
continuous-flow irradiation and aerobic conditions to generate
the bulk amount of desired products. Furthermore, the ob-
tained MOF-520 based photocatalysts are suitable model sys-
tems to perform photophysical studies. Perylenes within the
MOFs behave as single units, in contrast to the expected be-
havior in the homogeneous phase. We also present insights
into the photocatalytic cycle obtained with the help of steady-
state, time-resolved, and transient absorption spectroscopic
studies.

Results and Discussion
Synthesis and structure determination

Single crystals of MOF-520 were obtained in good yield follow-
ing a procedure previously reported.”®” As previously reported,
X-ray analysis showed SBUs ([Alg(u-OH)g(HCOO),(BTB),]; BTB=
4,4 4" -benzene-1,3,5-triyl-tris(benzoate)) constituted by a ring
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of 8 aluminum octahedra shared corners through 8 p-OHs, 12
BTB, and 4 formate ligands, with wide window openings
(13.7 A) and cavities. Each BTB is connected to three SBUs to
form a 3D porous framework. The formates are exchangeable
and offer anchoring points for molecules derived from carbox-
ylate acids.

The SBU was straightforwardly modified by incubating the
crystalline white MOF-520 in DMF at 100°C for 5 days in the
presence of an excess amount of PC1 or PC2 (Scheme 1, and
see the Supporting Information for details). At the end of the
reaction, dark-reddish crystals were thoroughly washed with
DMF and acetone and collected by filtration (Figure S1 in the
Supporting Information).

The powder X-ray diffraction (PXRD) patterns of colored
MOF-520-PC1 and MOF-520-PC2 exhibited sharp diffraction
peaks that were identical to those of the as-synthesized
sample, which indicated that the porous framework main-
tained its crystalline integrity (Figure 1a). Dinitrogen adsorp-
tion/desorption isotherms (77 K) of MOF-520, MOF-520-PC1,
and MOF-520-PC2 indicate a decrease in porosity (Figure 1b),
with BET surface areas determined to be 2438, 1448, and
1081 m?g ™!, respectively. The decrease of BET surface area is
consistent with the steric bulk of guest perylene ligands resid-
ing in the pores of MOF-520. These MOFs exhibited reversible
type | sorption curves, which were characteristic of micropo-
rous materials.

Solution 'HNMR spectroscopy of digested MOF-520-PC1
and MOF-520-PC2 samples was performed to quantify the
amount of guest catalyst binding in the bulk samples. The
samples (1 mg) were transferred to a GC vial. Deuterated di-
methyl sulfoxide ([D]DMSO; 0.4 mL) was added to the vial fol-
lowed by the addition of NaOH (0.1 mL, 1m in D,0). The solu-
tion was sonicated for 5 min to digest the crystals. The vial
was capped and placed in a preheated 120°C oven for the re-
quired time to dissolve the crystals completely. The final clear
solution was used to record the 'H NMR spectrum. Perylene in-
corporation was determined by the ratio between the perylene
and BTB linker measured in the digestion mixture (Figures S2—
S4 in the Supporting Information). Based on the above results,
we observed 44 and 71% of incorporation of PC1 and PC2,
respectively, and could postulate the formulas [Alg(u-
OH)g(HCOO0),(PC1),(BTB),] and [Alg(u-OH)g(HCOO)(PC2);(BTB),],
respectively.

Single-crystal diffraction of MOF-520-PC1 (Figure 2) con-
firmed the presence of the PC1 ligand coordinated through
the carboxylate bridging two aluminum atoms (Figure S5a in
the Supporting Information). The X-ray occupancy factor of the
PC1 ligand was 40% (Figure 3), which was in agreement with
nearly 50% formate replacement determined by 'H NMR spec-
troscopy. We speculate that the full replacement of formates
by PC1 is not possible due to the rigidity and steric hindrance
of PC1, as determined by potential collision between neighbor-
ing PC1 positions within the same SBU (Figure S5b in the Sup-
porting Information). MOF-520-PC1 exhibits two types of ellip-
soidal pores, which are formed from elongated arrangements
of SBUs (Figure S5a in the Supporting Information). The first
type is an octahedral pore of 10.01x10.01x23.23 A%, whereas
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Scheme 1. The crystal-to-crystal reaction that proceeds by ligand exchange. Formate ligands are replaced by carboxylate-derived perylenes (PC1 and PC2) in
the SBUs of MOF-520. Incoming perylene and outgoing formic acid are highlighted in red and blue, respectively.
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Figure 1. a) PXRD patterns and b) N, sorption isotherms at 77 K of MOF-520 (blue), MOF-520-PC1 (red), and MOF-520-PC2 (green). Adsorption and desorption
branches are indicated by closed and open symbols, respectively.
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Figure 2. a) Synthesis of MOF-520 from Al-based SBUs and organic BTB linkers; the Al-based SBU is an orange polyhedron. b) The reaction of PC1 with MOF-
520 leads to MOF-520-PC1. Atom color scheme: C: gray, O: red, Al: orange, perylene: green; H atoms are omitted for clarity.

the second type can accommodate an elongated tetrahedron  vent-accessible void space of MOF-520-PC1 is approximately
of 5.89%x5.89x6.21 A (given the van der Waals radii of the 6000 A%, which accounts for about 50% of the crystal volume
nearest atoms).”*? A PLATON calculation indicates that the sol-  (see Figure S5b and the animation in the Supporting Informa-
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tion, which highlights the MOF cavity, windows, and encapsu-
lated PC1). In the case of MOF-520-PC2, although single-crystal
data collection was successful for the detection of PC2, it was
not possible to resolve the structure, most probably due to
the high degree of freedom of the flexible —(CH,);— units.

The strong coordination bond between A" and the carbox-
ylate groups, along with the high connectivity between [Alg]
clusters, infers expected stability of MOF-520-PC1 and MOF-
520-PC2 under different conditions. In this regard, we tested
the stability of dispersed MOF samples in acetone, tetrahydro-
furan, methanol, acetonitrile, dichloromethane, and DMF for
3 days at room temperature. After such treatment, the material
maintained the full crystalline integrity, as confirmed by PXRD
(Figures S6 and S7 in the Supporting Information).

Catalysis

To prove the photocatalytic ability of encapsulated PC inside
the MOFs, we selected the light-driven pinacol coupling of a
model substrate, 4-methylbenzaldehyde (1a). We found that
suspensions of MOF-520-PC1 or MOF-520-PC2 (0.5 mol%) in
CH,CN and after irradiation with visible light (1=(447+
20) nm) for 16 h in the presence of N,N-diisopropylethylamine
(DIPEA) under N, atmosphere, yielded the corresponding pina-
col 2b in low yields (9 and 32%, respectively). These results
encouraged us to optimize the conditions of the reaction (Ta-
bles S2-S4 in the Supporting Information).?? After optimizing
the solvent mixture (MeOH/CH;CN, 3:2 v/v), the yield increased
up to 74 and 82% for MOF-520-PC1 and MOF-520-PC2, respec-
tively, with 1 mol% of MOF-520-PC. Loadings of 1 mol% of
MOF-520-PC are substantially lower than those previously used
for homogeneous perylene organocatalysis (ca. 8-10%).%
Blank experiments in the dark, without DIPEA, or without PC

Figure 3. Representation of the single-crystal X-ray diffraction structure of
MOF-520-PC1. The MOF cavity and framework ligands are emphasized with
the green translucid plains. PC1 moieties are represented in blue ORTEP and
Al-based SBUs in orange polyhedral.
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(MOF-520-PC2) did not produce 2b (Table S3 in the Supporting
Information), and MOF-520 (without PC) was inactive. Interest-
ingly, the catalytic reaction mediated by MOF-520-PC2 was
also effective under aerobic conditions, giving a similar catalyt-
ic performance to that under anaerobic conditions (Table S3 in
the Supporting Information). Reductive transformations under
aerobic conditions are uncommon,?” and usually sophisticated
strategies are required to avoid the reaction of O, with the re-
duced catalyst.””

Subsequently, we directly compared the MOF-520-PCs with
the corresponding homogeneous PCs under the best reaction
conditions (Table 1). Interestingly, the heterogeneous materials
exhibited similar activity to that of the homogeneous counter-
parts. These results suggested that most of the catalytic cen-
ters within the MOF-520-PCs were accessible and active or
were enhanced in the MOF structure. Additionally, leaching ex-
periments suggested that MOFs were robust and the primary
source of the catalytic activity. The amounts of PC1 and PC2
leached were measured by UV/Vis absorption spectroscopy at
the end of the catalytic run and were only about 2.3 and 1.4%
for PC1 and PC2, respectively (Figures S9 and S10 in the Sup-
porting Information).

Subsequently, we extended the scope to a broad range of
aromatic aldehydes with electron-donating, electron-withdraw-
ing, and bulky substituents. MOF-520-PC2 was the chosen cat-
alyst for the isolation of products because of better yields. To
facilitate isolation of the products, the formed diols 2a-m
were converted into the corresponding diacetates 3a-m
under standard conditions (see the Supporting Information).
The formation of products was achieved in moderate to excel-
lent yields (around 70%) under the optimized conditions
(Scheme 2). Interestingly, heteroaromatic aldehydes 11 and 1m
were found to be compatible with the reaction conditions, al-
though they only resulted in moderate to low yields. The de-
veloped methodology was not compatible with aliphatic alde-

Table 1. Summary of control experiments for reductive coupling reac-

tions.?!
% PCs (1 mol %) OH
ﬁH Irradiation (2 = 447 nm)
CH,CN/CH3OH (3:2 viv; 2 mL) OH O
DIPEA,16 h, 30 °C, under N,
1a 2a

PC PC [mol %] Yield® [%]
PC1 0.5 68
PC2 0.5 63
PC1 2 75
PC2 3 81
MOF-520-PC1 0.9 (1.6) 74
MOF-520-PC2 0.9 (2.8) 82

[a] Conditions: 1a (0.1 mmol), DIPEA (1.4 mmol), and different photocata-
lysts in CH3;CN/CH;0H (3:2 v/v, 2 mL) at 30°C, under N, were irradiated
for 16 h (light-emitting diode (LED), A =447 nm). [b] Yields are calculated
by means of 'H NMR spectroscopy with 1,3,5-trimethoxybenzene as an in-
ternal standard (1.S.) [c] PC incorporation within the structure is 44 and
77% for PC1 and PC2, respectively. Therefore, it should be considered
that the PC concentration is estimated to be about 1.6 and 2.8 mol% for
PC1 and PC2, respectively.
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hyde 1n. Having outlined the scope for aldehydes, we next ap-
plied the MOF-520-PC2 catalyst to benzophenones and imines
without further optimization (Scheme 3). In the case of imine
reduction, up to 79% yield was found. The limit of the catalytic
system starts to appear in the coupling of more bulky sub-
strates and more challenging to reduce substrates, such as ke-
tones and aliphatic aldehydes.”

On the other hand, although there have been significant ad-
vances in the pinacol coupling reaction,””’ the intermolecular
cross-pinacol coupling that produces a single cross-coupled
1,2-diol selectively still remains a challenge.”® Strategies to ad-
dress chemoselective control include prefunctionalization with
stoichiometric quantities of metal salts, employing one cou-
pling partner in large quantities, the use of highly functional-
ized carbonyl compounds,”” or exploiting differences in reac-
tivity between coupling partners through an ionic mecha-
nism.B% In this regard, to prove the effect of encapsulation of
the photocatalysts in the MOF-520-PC2 on selectivity, we pre-
formed the heterocoupling of two different aldehydes, 1b and
1j, with marked differences in steric effects and compared
them with homogeneous PC2.

The reactions were carried out by using an equimolar mix-
ture of the two aldehydes. Moreover, irradiation for 8 h was
used to better observe differences in reactivity. The crude reac-
tion mixture, without further manipulation, was analyzed by
means of 'H NMR spectroscopy with an internal standard for
quantification. In this way, the selectivity was not altered
during the isolation procedure (Table S7 in the Supporting In-
formation). Although in both cases a mixture of homo- (2j,
2b) and heterocoupling (20) products were obtained, there
was a remarkable difference in selectivity for the bulkier sub-
strate, 2j. A product selectivity 2b/2j value of 4.6 was ob-
tained for MOF-520-PC2, whereas it was 1.0 for PC2. This 4.6-
fold increase for 2b formation versus 2j suggests a size-exclu-
sion effect of the cavities of MOF-520-PC2.

Recycling in batch

MOF-520-PC2 can be easily separated and recovered from the
reaction mixture through filtration. Therefore, we studied the
potential recycling of the catalysts after catalyzing the pinacol
coupling of 1a. After washing twice with methanol and ace-
tone, recycled MOF-520-PC2 was subjected to another catalytic
run with the same substrate. The catalytic activity was main-
tained for the first two cycles (79 and 75%) and dropped in
the third one to 34% yield of 2a (Table S5 in the Supporting
Information). This reduction in yield was accompanied by a sig-
nificant reduction in the crystallinity of the catalyst, as con-
firmed by PXRD analysis (Figure S11 in the Supporting Informa-
tion). We rationalize that prolonged stirring used under the
catalytic conditions may be responsible for the structural deg-
radation of MOF-520-PC2, which then diminishes the catalytic
activity, since the catalytic sites are no longer accessible to the
organic substrates.
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Scheme 2. Results obtained for the reductive coupling reactions of aromatic
aldehydes catalyzed by MOF-520-PC2. Reaction conditions: MOF-520-PC2

(1 mol %), aldehyde (0.1 mmol), DIPEA (1.4 mmol), in CH;CN/CH;OH (v/
v=3:2, 2 mL) at 30°C, under N, during 16 h of irradiation (LED, A =447 nm).
Yields refer to products isolated; each substrate was run in three vials in par-
allel reactions that were combined after the reaction for isolation. DMAP = 4-
dimethylaminopyridine.

Photocatalysis in flow

Taking advantage of the heterogeneous nature of MOF cata-
lysts, we studied the potential use of MOF-520-PC2 as a photo-
catalyst under flow conditions.®"*? Indeed, flow chemistry has
many advantages, such as easy scaling and automation.®?

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 3. Results obtained for the reductive coupling reactions of a) benzophenones and b) aromatic imines, catalyzed by MOF-520-PC2. Reaction condi-
tions: MOF-520-PC2 (1 mol %), ketone or imine (0.1 mmol), DIPEA (1.4 mmol), and CH;CN/CH;OH (3:2 v/v, 2 mL) at 30°C, under N, during 16 h of irradiation
(LED, =447 nm). Yields refer to products isolated. Each substrate was run in two vials in parallel reactions that were combined after the reaction for isola-

tion. Bn =benzyl.

However, scarce light penetration is probably the reason for
the few applications of photocatalytic transformation by using
heterogeneous materials under flow conditions.

The nature of the developed material (MOF-520-PC2) en-
couraged us to develop a heterogeneous photocatalytic
system operative under flow conditions. We selected prototype
substrates with different electronic properties, 1i and 1a, for
testing. To set up the flow reactor, we prepared a 1% dilution
of MOF-520-PC2 in Celite® and directly packed it into a column
(20%x 0.6 cm) with glass beads to increase light harvesting of
the photocatalyst (Figure 4, see the Supporting Information for
further details). Packing was carried out under aerobic condi-
tions without any particular precautions. The reaction mixture
contained the substrate and electron donor under identical
conditions to those already discussed and optimized for batch
reactions. The photoreactor was irradiated perpendicular to
the surface from two light sources (Kessil lamp, =450 nm) at
180° to each other. The first solution containing 1i (0.55 g) was
pumped through the photoreactor (flow rate of 1.5mLh™";
Figure S12 in the Supporting Information), followed by 1a
(0.55 g) after washing. Notably, sample preparation and the
photoreactions were performed in air, which further demon-
strated the robustness of the catalytic system. As a result, the
two consecutive 0.55 g scale reactions led to the isolation of
products 3i and 3a in good overall yields (0.49 and 0.38 g, re-
spectively, corresponding to 70 and 51% vyield after two reac-
tions, respectively; Figure 4), which validated the effectiveness
of the system.
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Photophysical and electrochemical characterization

To better understand the nature of the catalytic sites, we have
investigated the photophysical and electrochemical properties
of the as-synthesized MOFs and PCs.

First, optical spectroscopic studies give insights into poten-
tial interactions between perylenes, or perylenes and the MOF
matrix. Diffuse reflectance spectra of PC1 and PC2 (Figure S13a
and b in the Supporting Information) showed broad absorp-
tion bands characteristic of the perylene monomer and a
sharper band at A~430 nm.* In both cases, encapsulation in
MOF-520 only induced minor changes in absorbance, which
suggested that the electronic structure of the PC were not sig-
nificantly altered in the solid state. Absorption and lumines-
cence studies in solution, or suspensions in the case of MOFs,
were more informative regarding potential aggregation pro-
cesses (Figure 5 and Figure S14 in the Supporting Information).
The UV/Vis absorption spectra of PC1 and PC2 show broad
bands (1=360-470 nm). In the case of PCI1, the characteristic
vibrational fine structure of the perylene is not resolved, even
at concentrations as low as 1 um, whereas, in the case of PC2,
characteristic vibrionic spectra of perylene monomers are pres-
ent (1-25 pum). Presumably, the difference arises from different
capacities of PC1 and PC2 to form mt-stacking structures, which
is likely to be more favorable for PC1, since the formation of
carboxylic acid homodimers duplicates the size of the m-conju-
gated structure (Figure 5). This is in agreement with the fact
that the presence of a base, such as DIPEA (5 mm), resolves
the characteristic vibrionic spectra of perylene monomers for
PC1, since it disrupts the formation of homodimers. The UV/Vis
features of PC1 and PC2 are located in the visible region, with-
out overlap to the MOF-520 absorption of the BTB linkers (1=

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Consecutive photocatalytic reduction of aldehydes 1i and 1a to the corresponding pinacols under flow conditions with the same MOF-520-PC2/

Celite® packed column. b) Schematic illustration of the experimental setup.

276 nm), facilitating analysis of the postmodified MOFs (Fig-
ure S14 in the Supporting Information).

Interestingly, in the absorption spectra of the MOF-520-PCs,
perylene vibronic features are present for both cases; this sug-
gests negligible perylene-perylene interactions or MOF-pery-
lene interactions. To further understand the aggregation be-
havior of perylenes inside the MOF matrix, we also recorded
fluorescence spectra of PCs in the concentration range from 1
to 100 pm, as well as suspensions of MOF-520-PCs. Similar to
the UV/Vis absorption spectra, fluorescence spectra of PC1
showed unresolved vibronic features, which appeared in the
presence of DIPEA and perfectly matched the spectrum of the
suspended MOF-520-PC1. Also, the fluorescence spectra of PC2
and MOF-520-PC2 were informative. As the concentration in-
creases, the luminescence vibronic bands at =445 nm de-
crease and the feature at A =475 nm rises, revealing an aggre-
gation process between perylene units, which are not revealed
in the studied UV/Vis spectral range (Figure 5). Similar to the
UV/Vis spectrum, the fluorescence spectrum of MOF-520-PC2
matches with that of PC2 only at low concentration (1 um pho-
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tocatalyst), which indicates that PC2 behaves as a monomer
inside of the MOF-520.5%

Cyclic voltammetry (CV) experiments showed apparent dif-
ferences between perylene precursors. The first reduction
wave of PC2 is shifted by 340 mV to more negative potentials
than that of PC1 (E%c=—1.80V and E%.=—1.45V, respec-
tively). All redox values are given versus a standard calomel
electrode (SCE), unless stated otherwise (Table2 and Fig-
ure S13c in the Supporting Information). Although the cyclic
voltammograms of the MOFs follow a similar trend to that of
the perylene precursors, the interpretation is not straightfor-
ward. The CV results for MOF-520 show two reduction waves
that shift to positive and negative redox potentials in MOF-
520-PC1 and MOF-520-PC2, respectively (Figure S13d in the
Supporting Information). We observed that the extension of
the shifts depended on the perylene. The shift was more sig-
nificant in the case of MOF-520-PC1, in which the perylene is
electronically connected to the carboxylate and then to the
aluminum centers. Conversely, for MOF-520-PC2, the perylene-
Al centers are electronically disconnected by an alkyl spacer,
which barely affects the redox process of the MOF.?* Neverthe-

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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less, because the absorption and fluorescence spectra do not
undergo significant changes, we estimate that the redox po-
tentials of PCs within the MOF do not significantly deviate
from those of the free PCs. Therefore, we hypothesize that the
redox difference between the two materials can be the as-
cribed as the main factor for the differences in catalysis.

Finally, we characterized the excited states by means of
time-correlated single-photon counting in the solid state
(Figure 6 and Table S8 in the Supporting Information). In both
cases, the multiexponential lifetime decay of PCs is similar to
that of the MOF-520-PCs (Table 2); the slowest 7,, is about

Table 2. Summary of the redox processes and excited-state lifetimes in
solution.

Sample Aaps® InM] - Aen® Inm] 7, [ns] £, (V vs. SCE) E/7)
PC1 442 452 4.5 —1.45 1.25
PC2 440 446 4.2 —1.80 1.0
MOF-520 275 390 3.5 - -
MOF-520-PC1 445 454 6 - -
MOF-520-PC2 440 448 5.2 - -

[a] Values obtained from the maximum absorption band. [b] Values ob-
tained from the maximum fluorescence band. [c] Lifetimes were obtained
from the single-exponential fit at 4., Absorption and fluorescence spec-
tra were recorded in CH;CN/CH;0H (3:2 v/v).

6 ns for PC1 and 8 ns for PC2.2°3¢37) This result, together with
those previously reported, is in agreement with the fact that
both PCs behave as isolated units inside the MOF-520.

Mechanistic studies

To gain insights into the reductive coupling reaction of alde-
hydes, we examined key steps of the catalytic cycle with the
help of steady-state, time-resolved fluorescence quenching
studies and transient spectroscopy experiments. To this end,
we have focused our efforts on the model reaction of 1a with
MOF-520-PC2, in the absence and presence of DIPEA. As pre-
sented above, perylene PC2 inside MOF-520 behaves as a mo-
nomer, as determined by the absorption and emission spectra
(Figures S15 and S17 in the Supporting Information).

The lifetime of the MOF-520-PC2* excited state was long
enough to be quenched by DIPEA, as observed by the fluores-
cence (Figure S15¢ and d in the Supporting Information) and
excited-state lifetime quenching studies (Figure 7 c and d). Sim-
ilar bimolecular quenching rate constants (k,) were obtained
by time-correlated single-photon counting for MOF-520-PC1
((6.040.3)x10°M 's™", see Table S9 and the Supporting Infor-
mation for calculation details) and MOF-520-PC2 ((5.9+0.3)x
10°m~'s™"; Table S10 in the Supporting Information). Upon
studying 1a as a quencher, we could not observe quenching
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at concentrations relevant for catalysis (Figure S16 in the Sup-
porting Information). Redox values of DIPEA and PC2* suggest
that a single electron transfer (SET) between them is thermo-
dynamically feasible (Eppen’=0.72 V¥ and Eppcypc, y=1.0 V vs.
SCE; Figure S17b,d in the Supporting Information). Likewise,
SET from DIPEA to MOF-520-PC2* should also be thermody-
namically feasible.®” Nevertheless, the formation of the radical
anion of the photosensitizer can be observed by means of mil-
lisecond transient absorption spectroscopy. Indeed, in the case
of PC2, the PC2* excited state follows the formation of the
PC2~ radical anion in the presence of DIPEA (Figure S18a in
the Supporting Information) with a clear absorption band at
A=570 nm. Monitoring the radical anion at 1=570 nm pre-
sented a biexponential decay time of about 0.75 and 3.6 ms
(Table S11 in the Supporting Information), which could be ra-
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tionalized as recombination on the millisecond timescale.
Under the same conditions, but in the presence of 1a, the
decays are reduced to 0.44 and 3.0 ms (Table S11 in the Sup-
porting Information).

Likewise, in the case of MOF-520-PC2, the evolution of the
radical anion can be followed at A =570 nm in the presence of
DIPEA, but with a faster decay time than that in the case of
PC2 in solution (<7> =0.25ms). By adding 1a to the same
cuvette, the intensity of the signal at 1=570 nm is reduced by
more than half, which suggests SET between the radical anion
by 1a (Figure S18d in the Supporting Information). Therefore,
the proposed mechanism of the photocatalytic reductive cou-
pling reaction starts with the excitation of the PC (1 =447 nm),
which undergoes reductive quenching with DIPEA to afford
MOF-520-PC"". Successive SET to the substrate results in the

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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reduction of the carbonyl group, followed by the C—C homo-
coupling reaction (Scheme 4).¢

Conclusions

We reported a straightforward postsynthetic transformation of
MOF-520 with two differently substituted perylene molecules
to introduce a photoredox functionality to the material. As de-
termined by the redox potential, differences in the catalytic ac-
tivity between the two materials can be ascribed to the redox
potential differences between the reduced state of the PCs;
PC2 is more reducing than that of PC1. The new heterogene-
ous organo-photocatalysts revealed efficient light-driven re-
ductive coupling of aldehydes, ketones, and imines to give 1,2-
diols and 1,2-diamines, with similar catalytic activity to the ho-
mogeneous counterpart, but with recyclable capacity. More-
over, continuous-flow photocatalytic conditions highlight the
potential of this technique through the proof of gram-scale
catalytic transformation and reusability. Combining steady-
state and time-resolved spectroscopy revealed that perylenes
immobilized in MOF-520 acted as an isolated unit, and there-
fore, the catalytic activity could be exclusively ascribed to the
perylene monomer, whereas in the homogeneous phase the
potential aggregation of perylenes complicated the assign-
ment of the real catalytically active species. We envision that
this study will open up new perspectives in the design of het-
erogeneous PCs through further developments of photocata-
lytically active materials based on the straightforward crystal-
to-crystal transformation of MOF-520 and potential light-driven
organic transformations under flow conditions.

Experimental Section

Figures, tables, text, and CIF files reporting crystal data, experimen-
tal details, and the results of catalysis can be found in the Support-
ing Information.
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