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Ligand-regulated photoinduced electron transfer
within metal—organic frameworks for efficient
photocatalysis¥

Yang Tang,® Guanfeng Ji,® Hanning Li,® Hui Gao,® Cheng He, (2 ? Liang Zhao (2 *?
and Chunying Duan (2°

Dye-based metal-organic frameworks (MOFs) have received great attention due to their excellent photo-
chemical stability in photocatalysis. However, the control of photoinduced electron transfer (PET) from
dye to substrates rather than to metal nodes is still a challenging task for modern chemistry and organic
synthesis, limiting the application of dye-based MOFs in photocatalytic transformations. Herein, we report
a new method by introducing a carbonyl group into triphenylamine to form a planar conjugate acridone
to compulsively generate a greater degree of conjugation torsion between the dye-based ligands and the
metal—carboxylate nodes for controlling the direction of electron flow in the MOF. A new heterogeneous
three-dimensional (3D) acridone-based Co-MOF was fabricated by the solvothermal reaction. In com-
parison with the similar triphenylamine-based Co-MOF, extensive control experiments in combination
with density functional theory (DFT) calculations demonstrated that the acridone-based Co-MOF suc-
cessfully inhibits the intramolecular PET process between the acridone-based ligands and the metal
nodes for efficient photocatalytic organic transformations. This new heterogeneous platform exhibits a
promising approach to modulating the direction of PET in MOFs by fine modifications of the ligands, thus

rsc.li/frontiers-inorganic

Introduction

Metal-organic frameworks (MOFs) are widely recognized as
porous coordination polymers (PCPs), which are highly regu-
lated, long-range ordered crystalline materials constructed
through the self-assembly of multifunctional organic ligands
and metal ions or clusters. Over the past few decades, MOFs
have garnered significant attention for their immense poten-
tial in various photocatalytic transformations.'™ Incorporating
organic dyes into MOFs provides high-density photoactive
sites, enabling the dyes to be linked together and well isolated
by metal ions. This strategy overcomes the challenges posed by
non-recyclable catalysts and the strong aggregation and
polymerization phenomena of organic dyes, which greatly
limit the development and utilization of various homogeneous
dye-based photocatalysts.*® Moreover, dye-based MOFs can
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providing a new avenue to develop multipurpose and flexible catalytic systems.

enhance specific photophysical properties, such as efficient
exciton hopping, amplified stimulated emission and higher
light harvesting efficiency,”® which provides a versatile and
adjustable platform for photocatalytic transformations.
Photoinduced electron transfer (PET) is a general phenom-
enon whereby the absorption of light by photocatalysts pro-
vides an energetic driving force for electron-transfer reac-
tions.'® Photoredox catalysis provides unique modes for
chemical bond activation, cleavage and formation through the
PET process, thereby enabling previously inaccessible chemi-
cal transformations.”™** The promise of dye-based MOFs as
photoredox catalysts hinges on their electron transfer ability
upon photoexcitation.”® However, the direct connection of
dyes with the metal nodes leads to electrons being preferen-
tially transferred to the metal nodes from the excited states of
the dyes through the coordination bonds under
irradiation.”*® As a consequence, organic dyes in dye-based
MOFs are often used as photosensitizers for photocatalytic
hydrogen production and CO, reduction, which does not make
sufficient use of the redox properties of organic dyes, thereby
limiting the application of MOFs as photocatalysts."”

Taking advantage of the easy modification features of
MOFs, introducing the functional groups within MOFs is a
promising and effective strategy for tailoring the physical
environment of cavities, pores and electronic structures for tar-
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geted applications.”* > Recent research has indicated that the
functionalization of dye-based ligands can regulate the twisted
conjugative junction between the ligands and metal nodes,
which enables MOFs to markedly enhance the separation
efficiency of photogenerated carriers in MOFs and hamper the
futile intramolecular fluorescence quenching, thus enhancing
the photocatalytic efficiency.>® Our group has also dedicated a
lot of effort to realizing the targeted PET process in MOFs by
fine-tuning the structures of dye-based ligands. Upon incor-
porating sterically bulky hindrance groups into the backbone
of dye-based ligands or controlling the geometric configur-
ation of dye-based ligands to induce twisted conjugation
between ligands and functional metal coordination carboxy-
late nodes, futile fluorescence quenching between metal sites
and dyes can be effectively prevented, which rectifies uni-
directional electron transfer routes and enables directional
electron transfer.>”*® Note that the direction of the electron
transfer was able to be directly regulated for controlling the
PET process by adjusting the geometric configuration of the
photosensitive ligands. Triphenylamine (TPA) as a common
organic photosensitizer has been successfully decorated into
MOFs for photocatalytic hydrogen production and CO,
reduction by photoreduction.?*** We speculate that decorating
the TPA-based ligand to form a n-conjugate plane might sig-
nificantly generate a twist of conjugation between dye-based
ligands and metal-carboxylate nodes which avoids unwanted
intramolecular PET processes under photoexcitation, thus pro-
viding a new strategy to efficiently facilitate a variety of photo-
catalytic transformations by directly using the outstanding
redox properties of dyes.

Herein, by introducing a carbonyl group into a fan-shaped
triphenylamine-based ligand to connect two benzene rings of
triphenylamine to form a remarkable =-conjugate plane
chromophore (acridone) that possesses excellent light absorp-
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tion capacity’® and the potential to become an excellent photo-
catalyst, we have developed a new heterogeneous approach for
regulating the electron transfer path in a dye-based cobalt-
organic framework. The introduction of the carbonyl group
resulted in twisted conjugation between the dye moieties and
the coordinated carboxylates to inhibit the intramolecular PET
process between the dye-based ligands and the metal nodes,
which was conducive for electron transfer to the substrate to
improve the photocatalytic transformation efficiency
(Scheme 1). It is worth noting that the use of acridone as a
photocatalyst has been little explored until now. To our knowl-
edge, this is the first instance of an acridone-based MOF in the
field of photocatalysis, allowing for precise control over elec-
tron transfer pathways. This opens up opportunities for
designing photoredox and catalytic systems from an intrinsic
perspective, while also facilitating the development of scalable
and sustainable synthetic strategies.

Experimental
Chemicals and materials

All the chemicals and solvents were of reagent-grade quality,
obtained from commercial sources and used without further
purification. The synthetic process for N-((phenyl-Ds)methyl-
D,)pyrrolidine was referenced from the existing literature.*”
The synthetic process for 10-(4-bromophenyl)acridin-9(10H)-
one was also referenced from the existing literature.*?

Synthesis of 2,7-dibromo-10-(4-bromophenyl)acridin-9(10H)-
one

Compounds 10-(4-bromophenyl)acridin-9(10H)-one (1.00 g,
2.87 mmol) and N-bromosuccinimide (NBS) (1.53 g,
8.61 mmol) were dissolved in DMF (50 mL) and stirred at

@’/“ > "wa;‘lw

- i:l L.
® ~
L 4 : '
1

i R,

X

N
g

@~

b 4

i

k X w}r
}X: "!v‘

co'l —[ Solvothermal Self-assembly ]9

o (o]
Ho o CT oM i@ i
JBe o

<
O

O™ 0H

jSubstraté‘

Plane-shaped ligand

Dye —(co

.:::i'};l'.'i::: ’X‘:;ﬂ?:xzj:‘

Scheme 1 Schematic illustration of the acridone-functionalized Co-based MOF for the photocatalytic coupling reaction.
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80 °C for 12 hours. Then, the mixture was quenched with
water and CH,Cl,. After the separation of phases, the organic
layer was washed with water (3 x 100 mL) and brine (1 x
100 mL) and dried over anhydrous Na,SO,. After filtration, the
filtrate was evaporated to dryness under reduced pressure and
the crude product was purified by chromatography on silica
gel using CH,Cl, as the eluent to yield compound 2,7-
dibromo-10-(4-bromophenyl)acridin-9(10H)-one. Yield: 89%.
"H NMR (500 MHz, CDCl;) § 8.58 (d, J = 2.4 Hz, 2H), 7.80 (d, J
= 4.7 Hz, 2H), 7.51 (dd, J = 9.1, 2.4 Hz, 2H), 7.17 (d, J = 1.9 Hz,
2H), 6.57 (d, J = 9.1 Hz, 2H). *C NMR (126 MHz, CDCl;) §
175.66, 141.51, 137.23, 136.59, 134.80, 131.48, 129.89, 124.39,
123.01, 118.60, 115.69. HRMS (ESI"): calcd for [C;oH;oBrsNO +
H]": m/z = 507.8365, found: 507.8356. [C1oH;oBr;NO + Na]'":
m/z = 529.8185, found: 529.8172.

Synthesis of dimethyl 4,4'-(10-(4'-(methoxycarbonyl)-{1,1"-
biphenyl]-4-yl)-9-0x0-9,10-dihydroacridine-2,7-diyl)dibenzoate

Compounds  2,7-dibromo-10-(4-bromophenyl)acridin-9(10H)-
one (1.00 g, 1.98 mmol), K,CO; (1.64 g, 11.88 mmol), [1,1"-bis
(diphenylphosphino)ferrocene]palladium(u) chloride (0.15 g,
0.20 mmol) and 4-(methoxycarbonyl)benzeneboronic acid
(1.60 g, 7.92 mmol) were dissolved in a mixture containing
100 mL THF and 30 mL H,O. The reaction mixture was
refluxed with stirring for 24 hours under an argon atmosphere
and then it was cooled to room temperature. The resulting
mixture was poured into 100 mL of water and extracted from
dichloromethane (3 x 100 mL). The organic phase was washed
with water (2 x 100 mL) and dried over anhydrous Na,SO,.
After filtration, the filtrate was evaporated to dryness under
reduced pressure. The crude product was purified by chrom-
atography on silica gel using dichloromethane as the eluent to
yield the compound dimethyl 4,4'-(10-(4'-(methoxycarbonyl)-
[1,1-biphenyl]-4-y1)-9-0x0-9,10-dihydroacridine-2,7-diyl)
dibenzoate. Yield: 72%. "H NMR (500 MHz, CDCl,): & 8.78 (d, J
=2.2 Hz, 2H), 8.14 (d, J = 8.3 Hz, 2H), 8.04 (d, J = 8.3 Hz, 4H),
7.92 (d, J = 8.3 Hz, 2H), 7.77-7.71 (m, 4H), 7.67 (t, J = 7.1 Hz,
2H), 7.46 (d, J = 8.3 Hz, 1H), 6.90-6.86 (m, 1H), 3.91 (s, 1H),
3.86 (s, 1H). >C NMR (126 MHz, CDCl;): § 177.89, 166.88,
166.73, 143.92, 143.82, 142.69, 141.75, 138.47, 133.46, 132.18,
130.45, 130.43, 130.27, 130.05, 129.95, 129.01, 127.24, 126.74,
125.71, 122.12, 117.74, 52.27, 52.11. HRMS (ESI"): caled for
[C4sH3NO, + H]: m/z = 674.2173, found: 674.2176.
[C43H3,NO; + NaJ": m/z = 696.1993, found: 696.1988.

Synthesis of 4,4'-(10-(4'-carboxy-[1,1"-biphenyl]-4-y1)-9-0x0-9,10-
dihydroacridine-2,7-diyl)dibenzoic acid (H;CDDA)

Compounds  dimethyl  4,4'-(10-(4-(methoxycarbonyl)-[1,1'-
biphenyl]-4-yl)-9-0x0-9,10-dihydroacridine-2,7-diyl)dibenzoate

(5.00 g, 7.43 mmol) and NaOH (4.4 g, 0.11 mol) were dissolved
in a mixture containing 50 mL ethanol and 50 mL H,O. The
mixture was then refluxed for 24 hours. After cooling to room
temperature, the mixture was acidified with HCL. The pH of
the solution was adjusted to 3 to obtain a yellow precipitate.
Finally, the precipitate was filtered and washed with plenty of
water and dried in an oven to obtain the desired product

This journal is © the Partner Organisations 2023
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H;CDDA. Yield 90%. '"H NMR (400 MHz, DMSO-dg): & 13.02 (s,
3H), 8.70 (d,J = 2.3 Hz, 2H), 8.19 (d, J = 8.4 Hz, 2H), 8.12 (d, ] =
8.4 Hz, 1H), 8.09-8.04 (m, 3H), 8.02 (d, J = 8.4 Hz, 1H), 7.88 (d,
J = 8.4 Hz, 4H), 7.77 (d, J = 8.4 Hz, 2H), 6.97 (d, J = 8.9 Hz, 2H).
3C NMR (126 MHz, DMSO-dg): § 176.60, 167.06, 142.91,
142.86, 142.39, 140.49, 138.01, 132.45, 132.40, 130.52, 130.47,
130.33, 130.12, 130.08, 129.81, 129.63, 127.19, 126.50, 124.18,
121.36, 118.12. HRMS (ESI'): caled for [CyoH,4NO,]|™: m/z =
630.1547, found: 630.1554. Elemental analysis caled for
C40H,5NO5: C 76.05, H 3.99, N 2.22%; found: C 76.07, H 4.04,
N 2.18%.

Preparation of Co-CDDA

A mixture of H3;CDDA (31.56 mg, 0.05 mmol) and Co
(OAc),-4H,0 (10.45 mg, 0.055 mmol) was dissolved in water
(0.5 mL) and N,N-dimethylformamide (DMF) (3 mL), which
were placed in a 10 mL Teflon vessel within the autoclave. The
mixture was heated to 120 °C for 72 hours and then cooled to
room temperature at a rate of 3 °C h™". Red block crystals of
Co-CDDA were obtained and collected from the mixture system
above, washed with DMF and air-dried. Yield: 40% (based on
the crystal dried under room temperature). Elemental analysis
caled for Ci7.34Hg3.49C0510N54505744: C 62.91 H 3.44, N
3.14%; found: C 63.28, H 3.26, N 3.32%. IR (KBr): 3400 (br, vs),
1606 (v), 1545 (w), 1520 (w), 1480 (m), 1400 (s), 1331 (m), 1300
(m), 1255 (m), 1106 (w), 1033 (w), 1006 (m), 991 (m), 1006 (m),
957 (w), 921 (m), 864 (m), 837 (w), 821 (m), 783 (s), 748 (m),
734 (m), 712 (m), 691 (m), 664 (m) cm ™" (Fig. S91).

Crystallography

The intensities were collected on a Bruker SMART APEX CCD
diffractometer equipped with a graphite-monochromated Mo
Ka (4 = 0.71073 A) radiation source; the data were acquired
using the SMART and SAINT programs.>**® The structure was
solved by direct methods and refined by full matrix least-
squares methods using the program SHELXL-2014.°¢ In the
structural refinement of Co-CDDA, all non-hydrogen atoms
were refined anisotropically. Hydrogen atoms within the
ligand backbones, DMF and the coordinate water molecules
were fixed geometrically at calculated distances and allowed to
ride on the parent non-hydrogen atoms. The three disordered
benzene rings were refined in two parts while constraining the
sum of the occupancies to unity. The relative occupancies of
the two parts converged to values of 0.732:0.268; 0.816:0.174
and 0.626:0.374, respectively, after refinement. To assist the
stability of the refinements, the disordered benzene rings were
restrained as idealized regular polygons. The thermal para-
meters of adjacent atoms in benzene rings were restrained to
be similar, respectively. The SQUEEZE subroutine in PLATON
was used.’”

General procedure for the photocatalytic a-amino C(sp®)-H
arylation of amines with 1,4-dicyanobenzene

A 10 mL flame-dried Schlenk quartz flask was filled with 1,4-
dicyanobenzene (1.0 mmol), Co-CDDA (20.0 pmol), K,CO;
(1.0 mmol), amine (2.0 mmol), a mini-stirrer and DMAc

Inorg. Chem. Front,, 2023, 10, 5439-5451 | 5441
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(4.0 mL). Then the reaction mixture was degassed by bubbling
argon for 20 minutes under atmospheric pressure. After that,
the flask containing the reaction mixture was then irradiated
by a 420 nm LED irradiation for 14 hours with fan cooling to
maintain the flask at room temperature. After the reaction, the
mixture was centrifuged at 9000 rpm for 5 min, and the super-
natant was concentrated under vacuum distillation. The resi-
dues were separated on a silica gel column (EtOAc/n-hexane) to
obtain the isolated yields.

General procedure for photocatalytic benzylamine oxidation

A 10 mL flame-dried Schlenk quartz flask was filled with ben-
zylamine (0.2 mmol), nitrobenzene (0.4 mmol), Co-CDDA
(10.0 pmol), a mini-stirrer and CH;CN (4.0 mL). Then the reac-
tion mixture was degassed by bubbling argon for 20 minutes
under atmospheric pressure. After that, the flask containing
the reaction mixture was then irradiated by a 420 nm LED
irradiation for 6 hours with fan cooling to maintain the flask
at room temperature. After the reaction, the products were
detected by GC analyses.

Results and discussion
Preparation and characterization of metal-organic frameworks

The introduction of a carbonyl group at the ortho-position of
the N-atom in the tris(4’-carboxybiphenyl)amine ligand,
H;TBPA,*® resulted in the formation of an acridone dye group,
which extended to a 4,4'-(10-(4'-carboxy-[1,1-biphenyl]-4-y1)-9-
0x0-9,10-dihydroacridine-2,7-diyl)dibenzoic ~ acid  (named
H;CDDA). Co-CDDA, an acridone-containing cobalt-based
metal-organic framework, was obtained in a yield of approxi-
mately 40% via a solvothermal reaction of ligand H;CDDA and
Co(OAc),-4H,0 in a mixed solvent of N,N-dimethylformamide
(DMF) and H,O (v:v = 6:1) at 120 °C for 72 hours. Single-
crystal X-ray structural analysis revealed that Co-CDDA adopts
a 3D framework and crystallizes in the triclinic space group P1
(CCDC number: 2263257%), indicating its highly ordered struc-
ture. Five independent Co ions are connected by two p;-OH
and coordinated with sixteen oxygen atoms from eight car-
boxyl groups of different H;CDDA ligands, two H,O molecules
and three DMF molecules to form a unique Cos cluster
(Fig. S1t). Interestingly, there are three types of Co coordi-
nation modes. Col, Co2 and Co4 have a distorted octahedral
geometry, while Co3 is four-coordinated, showing a pyramidal
coordination environment, and Co5 is five-coordinated. Each
deprotonated H;CDDA ligand serves as a three-point con-
nected node to connect three pentanuclear Cos clusters to
form a 3D framework with opening channels of 15.8 x 19.4 A
(Fig. 1a, S2 and S37). The void volume of Co-CDDA was calcu-
lated to be approximately 4600 A* per unit cell (approximately
49.1% of the cell volume) using the PLATON program.®” The
nitrogen adsorption-desorption isotherm of Co-CDDA at 77 K
showed a reversible type-II isotherm with a Brunauer-
Emmett-Teller (BET) surface area of 252.1 m> g~', confirming
the architectural stability and permanent porosity of Co-CDDA
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Fig. 1 (a) Hexagonal pores in Co-CDDA. (b) Twisted dihedral angle
between the Co'-carboxylate coordination plane and the dye plane of
Co-CDDA. (c) Similar hexagonal pores in Co-TBPA. (d) Twisted dihedral
angle between the Co'-carboxylate coordination plane and the dye
plane of Co-TBPA.

(Fig. S41).>° The pore size distributions of Co-CDDA were
approximately 16 A and 20 A (Fig. S5t), which matched well
with those of the single-crystal X-ray structural analysis, indi-
cating that the pores were large enough and accessible for
smooth substrate diffusion and catalyst-substrate inter-
actions.*® Moreover, the elemental mapping images indicated
that each element was uniformly distributed inside the Co-
CDDA sample (Fig. S61). Importantly, the introduction of the
carbonyl group promoted the N-atom and two benzene rings
of triphenylamine to form a conjugate plane of the acridone
group,®® resulting in a twisted dihedral angle of 47° between
the conjugated carboxylic coordination group and the acridone
group (Fig. 1b). This twisted connection with the Co"-carboxy-
late nodes provided the probability for regulating the direction
of electronic communication between metal centers and dye
fragments and restraining unwanted inter- and intramolecular
fluorescence quenching of Co" sites towards dye-based
ligands.

In order to investigate the influence of introducing the car-
bonyl group into triphenylamine on the electron-transport
path under photoexcitation, Co-TBPA was prepared according
to the reported literature.® Single-crystal X-ray structural ana-
lysis revealed that Co-TBPA possesses a similar internal cavity
and open window to Co-CDDA (Fig. 1a and c), facilitating
rapid mass transfer during catalytic applications. Moreover,
the identical distances between dyes and metal nodes in both
Co-CDDA and Co-TBPA and the non-interpenetrated nature of
both MOFs excluded intermolecular luminescence quenching
of Co™ nodes to the excited state. It should be noted that the
absence of the carbonyl group from the acridone resulted in a
maximum twisted dihedral angle of only 19° between the Co™-
carboxylate node and the adjacent phenyl moiety of the TPA-

This journal is © the Partner Organisations 2023
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based ligand (Fig. 1d). Therefore, Co-TBPA was an ideal com-
parison compound to Co-CDDA for exploring the effects of
ligands in regulating electron transfer within MOFs in
photocatalysis.

The powder X-ray diffraction (PXRD) patterns of the MOF
samples matched well with those of Co-CDDA and Co-TBPA,
respectively, based on their single crystal structural data, indi-
cating the high phase purity of the samples (Fig. S77).
Thermogravimetric analysis (TGA) revealed that Co-CDDA and
Co-TBPA*® exhibited structural stability at room temperature,
as evidenced by their lack of decomposition below 400 °C
(Fig. S8t%), ensuring the maintenance of the framework struc-
ture at the reaction temperature. Malachite green was chosen
as the indicator for the dye-uptake study. A quantum uptake
equivalent to 16.1% of the MOFs’ weight was obtained by
soaking Co-CDDA in a methanol solution containing mala-
chite green (Fig. S107).*"** Strong fluorescence emission was
observed using the confocal laser scanning microscope, which
was attributed to the malachite green dye adsorbed by Co-
CDDA (Fig. S121). The image showed that malachite green
molecules were uniformly distributed throughout the Co-
CDDA crystals, indicating that the dye molecules had pene-
trated deeply into the crystals through the channels rather
than being surface adsorbed on the crystals.*®> An identical
phenomenon was also observed in Co-TBPA (Fig. S11 and
S13t), demonstrating that both Co-CDDA and Co-TBPA
allowed organic substrate molecules to access their open
pores.**

The solid-state ultraviolet-visible (UV-Vis) absorption spec-
trum of Co-CDDA exhibited a full range of absorption. The
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strong absorption of Co-CDDA in the range of 400-450 nm was
attributed to the n-n* transition of the = electron in the mole-
cule, which was caused by the charge transfer of the acridone
main body (Fig. 2a).*” This indicated that the absorption be-
havior in Co-CDDA mainly benefited from the absorption of
the ligand H;CDDA. Another strong broad visible absorption
peak ranging from 450 nm to 700 nm was reasonably assigned
to the typical d-d transition peak of cobalt nodes.*® The
absorption performance of Co-TBPA was similar to that of Co-
CDDA, showing good absorption under visible light. To eluci-
date the photocatalytic abilities of Co-CDDA and Co-TBPA,
Mott-Schottky measurements were performed at frequencies
of 500, 1000 and 1500 Hz (Fig. 2b and c).*”*®* The LUMO posi-
tions determined from the intersection for Co-CDDA and Co-
TBPA were —2.01 V and —1.92 V (vs. Ag/AgCl), respectively. The
band gaps (E;) of Co-CDDA and Co-TBPA were estimated to be
2.66 eV and 2.83 eV, respectively, by the Kubelka-Munk
method from Tauc plots (Fig. 2d).***° The HOMO positions
were then calculated to be 0.65 V and 0.91 V (vs. Ag/AgCl),
respectively. These electrochemical measurement results
demonstrated that both Co-CDDA and Co-TBPA with a
sufficient potential of the HOMO and LUMO could be widely
applied in the activation of substrates such as 1,4-dicyanoben-
zene (—1.65 V vs. SCE),*"** for various photoinduced organic
synthesis reactions. To further explore the charge separation
ability of these two heterogeneous photocatalysts, electro-
chemical impedance spectroscopy (EIS) and photocurrent ana-
lysis were carried out for comparison. The results revealed that
Co-TBPA (R, 1.9 kQ) had a smaller radius of the semicircle in
comparison with Co-CDDA (R, 2.6 kQ), which represented a
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Fig. 2

(a) The solid UV-vis spectrum of H;CDDA, H3TBPA, Co-CDDA and Co-TBPA measured at room temperature. (b) and (c) Mott—Schottky plots

for Co-CDDA and Co-TBPA, respectively, in 0.1 M BuyNPFs CH3CN solution (the insets are the energy diagrams of HOMO and LUMO levels). (d)
Tauc plots of Co-CDDA and Co-TBPA. (e) EIS plots and (f) photocurrent responses of Co-CDDA and Co-TBPA.
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Fig. 3 (a) Luminescence spectra and (b) time-dependent luminescence decay of Co-TBPA, Co-CDDA and Co-CDDA with 1,4-dicyanobenzene 1a in
DMAc. (c) Recycling catalytic experiments of C—H arylation of N-phenylpyrrolidine 2a and the oxidation of benzylamine 4a with Co-CDDA as the
photocatalyst, respectively. (d) Time-dependent catalytic traces of 2a C—H arylation within 14 hours and with Co-CDDA filtered after 6 hours. (e)
Kinetics curves of the C—H arylation using N-benzylpyrrolidine 2k or N-((phenyl-Ds)methyl-D,)pyrrolidine 2kD with 1a under standard conditions
(kn/kp = 1.72). (f) Radical trapping experiments by TEMPO under standard conditions. ESI-MS calcd for [Ci9HzoN>,O + HI*: 303.2431; found for

[C19H30N20 + HI*: 303.2429.

lower charge transfer resistance (Fig. 2e).*> Meanwhile, both
Co-MOFs showed well-reproducible photocurrents during on/
off cycles of light irradiation. Co-TBPA presented a more
effective charge separation efficiency than Co-CDDA under the
same irradiation conditions (Fig. 2f), indicating a more
obvious intramolecular PET process. Clearly, a more powerful
twisted conjunction mode did not affect the photoreduction
abilities of the MOFs but remarkably altered the kinetic fea-
tures of intramolecular electronic communications.?”

The fluorescence spectra of Co-CDDA and Co-TBPA were
recorded for exploring the behaviors of the intramolecular PET
process between Co nodes and dye-functionalized ligands
under irradiation (Fig. 3a). Under the same conditions, the
fluorescence intensity of Co-CDDA was approximately 50 times
that of Co-TBPA, suggesting that Co-CDDA significantly
restrains fluorescence quenching behaviors from the Co nodes
towards the acridone-based ligands compared with Co-TBPA.
Moreover, the fluorescence lifetime of the Co-CDDA suspen-
sion was longer (z = 2.9 ns) than that of Co-TBPA (z = 2.2 ns)
(Fig. 3b) under the same conditions, which matched well with
the fluorescence measurement. These results provide evidence
that the introduction of the carbonyl group made acridone a
more rigid structure than triphenylamine, which was condu-
cive to avoiding the unwanted intramolecular PET processes
and regulating the direction of electronic communication
within the MOFs, providing more opportunities for directly
applying the excellent redox properties of the dyes to engage
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with the reaction substrates and participate in the subsequent
reaction.”*

a-Amino C(sp®)-H arylation reactions

The a-arylated amines are ubiquitous structural motifs among
various kinds of organic compounds, including many natural
products, pharmaceutical agents and agrochemicals.’®
However, a-amino C(sp*)-H bond activation by hydrogen atom
transfer (HAT) agents is one of the effective methods for the
synthesis of a-arylated amines.>® Encouraged by the efficiency
of HAT agents, the high-efficiency formation of HAT agents in
the framework materials by inhibiting intramolecular PET
prompted us to first evaluate their catalytic activities in the
functionalization of a-amino C(sp®)-H. Direct C(sp®)-H aryla-
tion of 1,4-dicyanobenzene (1a) with N-phenylpyrrolidine (2a)
was chosen as the model reaction to investigate our strategy.
The standard reaction was conducted in a flame-dried Schlenk
quartz flask containing 1a (1.0 mmol), 2a (2.0 mmol), K,CO;
(1.0 mmol) and Co-CDDA (20 pmol), N,N-dimethylacetamide
(DMAc, 4.0 mL) under argon at room temperature. The photo-
catalytic transformation gave the target product a-amino cya-
nobenzene 3aa with a yield of 92.3% upon irradiation with a
420 nm LED within 14 hours (Table 1, entry 1). Control experi-
ments revealed that light, a base and a photocatalyst were
necessary for the a-amino C(sp®)-H arylation reaction (Table 1,
entries 2-4). Using only ligand H;CDDA as a photocatalyst
resulted in approximately 62.8% yield (Table 1, entry 5),
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Table 1 Control experiments of cross-coupling of 1,4-dicyanobenzene
with N-phenylpyrrolidine

CN O

N Co-CDDA, DMAc, Ar, rt N

4 > CN
K,COs, 420 nm LED, 14h

CN

1a 2a 3aa
Entry Variation from standard conditions Yield (%)
1 None 92.3
2 No light N.R.
3 No K,CO; 40.2
4 No Co-CDDA 14.5
5 H,CDDA 62.8
6 Co(0AC),-4H,0 N.R.
7 H;CDDA/Co(OAc),-4H,0 14.2
8 H;TBPA 56.8
9 H,TBPA/CoCl,-6H,0 9.8
10 Co-TBPA instead of Co-CDDA 37.9
11 TEMPO Trace

Standard conditions: Co-CDDA (20 pmol), 1,4-dicyanobenzene
(1.0 mmol), K,CO; (1.0 mmol), N-phenylpyrrolidine (2.0 mmol) and
DMAc (4.0 mL) for 14 hours under an Ar atmosphere at room tempera-
ture. The yields were determined by "H NMR, using 1,3,5-trimethoxy-
benzene as the internal standard. N.R. = No reaction.
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whereas using only cobalt salt exhibited no activity (Table 1,
entry 6). These results suggested that the catalytic activity of
the MOF originated from the photosensitive ligand and the
efficiency of the reaction was also improved. It is worth noting
that simply physically mixing the ligand H;CDDA with the
cobalt salt instead of using Co-CDDA as the photocatalyst
resulted in only approximately 14.2% yield (Table 1, entry 7),
suggesting that the intense intermolecular PET process
between the cobalt salt and the ligand significantly decreased
the yield of the target product. When the TPA-based ligand
H,;TBPA was used as the photocatalyst, the yield was similar to
that of H;CDDA (Table 1, entry 8). However, when Co-TBPA
was used as a photocatalyst, the yield only reached about
37.9% under identical reaction conditions (Table 1, entry 10).
Although the LUMO position of Co-TBPA was similar to that of
Co-CDDA and was sufficient to reduce the substrate, the reac-
tion efficiency of Co-CDDA was obviously higher than that of
Co-TBPA. This indicated that forcing a twist between the Co™-
carboxylate node and the adjacent phenyl moiety is beneficial
to inhibit the PET process between the ligands and metal
nodes.

Amines with phenyl groups were successfully converted
into the desired products with moderate conversions to
N-phenylic arylation products. Furthermore, functional group

Table 2 Evaluation of a-amino C—H arylation with selected amines and benzonitriles by Co-CDDA

CN

R,

X
1 2

R
AN Co-CDDA, DMAC, Ar, rt
R(lﬁJrRs N" R, > Ry N ]
T . R K,COj, 420 nm LED, 14h R, L _x

3

Lo, L0, Yo, Lo,

3aa: 92.3% 3ab: 78.2% 3ac: 70.8% 3ad: 94.1% 3ae: 52.6%
NC
S s N\
N N N N N
COOEt LN LN .
3ba:58.8% 3ca: 50.7% 3da: 91.7% 3ea: 77.4% 3fa: 45.2%
o)
. () ()
I\N/\ SNH N N
p oL
' (J O 1
F
CN CN CN CN CN
3af: 62.4% 3ag: 60.5% 3ah: 44.3% 3ai: 56.8% 3aj: 65.2%
g0, U & ® &
CN N = _N
3ak: 73.1% 3ck: 37.8% 3ek: 46.7% 3fk: 60.9% 3gk: 64.3%

Standard conditions: Co-CDDA (20 pmol), benzonitriles (1.0 mmol), K,CO; (1.0 mmol), amines (2.0 mmol) and 4.0 mL DMAc for 14 hours under
an Ar atmosphere at room temperature. Isolated yields were obtained by silica gel flash chromatography (EtOAc/n-hexane).
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tolerance was examined by coupling nitrile compounds (1)
with various amines (2) (Table 2). Satisfyingly, a broad variety
of functional groups such as piperidines (3ab), morpholines
(3ac) and acyclic amines (3ad and 3ae) provided desirable
results. Electron-rich derivatives yielded the highest yields,
which were consistent with the polarity effects. Electron-
deficient arenes (3ba and 3ca) or heteroaromatic benzonitriles
(3da-3fa) as coupling substrates were also compatible with our
method and no over-reaction of the products was observed.
Compared to the para-substituted derivative 3aa, the ortho-sub-
stituted derivatives produced 3ca with a lower yield (50.7%),
probably due to steric effects. To further explore the universal-
ity of the substrates, amines with benzyl groups were selected
as reactants. Owing to the large difference in C-H bond dis-
sociation energy (BDE) between N-methyl C-H and N-benzyl
C-H, N-benzylic position C(sp’)-H arylation products were
obtained as the main products under standard conditions.
Aliphatic substituents (3af-3ah) and heteroatom-bearing cyclic
substituents (3ai-3ak) performed equally well under the same
reaction conditions, suggesting that different substituted
groups on the nitrogen atom did not affect the reaction.
Moreover, apart from 1,4-dicyanobenzene, cyanopyridine
derivatives provided 3ck-3gk in good to excellent yields. These
results indicated that Co-CDDA as a highly active hetero-
geneous photocatalyst achieved efficient a-amino C(sp®)-H ary-
lation reactions. Besides the advantages of mild reaction con-
ditions, high catalytic efficiency and a wide range of substrates,
Co-CDDA exhibited high stability in our heterogeneous visible
light-mediated approach.’”*® No significant decrease in con-
version was observed after five cycles (Fig. 3c). The PXRD pat-
terns of Co-CDDA before and after catalysis were basically the
same (Fig. S147), indicating that the configuration of Co-CDDA
was maintained during the photocatalytic reaction. The emer-
gence of new peaks at higher angles in the PXRD of Co-CDDA
after the reaction was believed to be caused by gradual
exposure of some crystal faces during the continuous stirring
process.>*"®* SEM images showed that the crystals after cataly-
sis were broken into small pieces and no obvious formation of
amorphous substances was observed (Fig. S15t). Moreover,
after 6 h of the photocatalytic reaction, Co-CDDA was removed
from the reaction mixture by filtering and the filtrate was
allowed to sequentially react for an additional 8 h (Fig. 3d).
The results showed that the reaction stopped immediately
when the photocatalyst was removed, indicating that Co-CDDA
was a truly heterogeneous photocatalyst.®>

To explore the possible mechanism of the reaction above,
the fluorescence titration tests were conducted first. 1a was
demonstrated to be an efficient quencher of the emission of
Co-CDDA in DMAc suspension. The emission intensity of the
Co-CDDA suspension was quenched by about 20% with a
Stern-Volmer constant of about 6.94 x 10> M™" (Fig. S167),
which was reasonably ascribed to the typical single electron
transfer (SET) process from the excited state of Co-CDDA to
1a.%%** Upon the addition of nucleophiles 2a or 2k, no change
was observed in the emission intensity of the Co-CDDA sus-
pension (Fig. S17 and S187). Moreover, time-dependent emis-
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sion decay experiments also matched well with the fluo-
rescence titration tests, which demonstrated an obvious
decline in the emission lifetime from the initial Co-CDDA sus-
pension (z = 2.9 ns) to the addition of 1a into the Co-CDDA
suspension (z = 1.0 ns) (Fig. 3b). The combination of the fluo-
rescence measurement data above and the LUMO position of
Co-CDDA indicated the occurrence of swift electron transfer
from Co-CDDA to 1a after photoexcitation.®>®” The reaction
kinetics studies on 2k and N-(( phenyl-Ds)methyl-D,)pyrrolidine
(2kD) were then carried out in two different flasks under stan-
dard conditions (Fig. 3e). The results showed that the reaction
yields grew rapidly over time and the reaction rate of 2k was a
little faster than that of 2kD, resulting in a kinetic isotope
effect (KIE) of 1.72 calculated by ky/kp. This suggested that the
cleavage of C-H might not be the rate-determining step but
played an important role in the photocatalytic selectivity.*®%°
We speculated that the good regioselectivity of the N-benzylic
position could be attributed to the HAT catalysis process.
Moreover, radical quenching experiments and radical trapping
experiments were performed. Upon addition of the radical sca-
venger 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) into the
catalytic system, the reaction was shut down completely under
identical reaction conditions (Table 1, entry 11), indicating
that it was a reaction process involving free radicals.”®
Importantly, the expected adduct of aryl radical and TEMPO
was detected by ESI-MS (Fig. 3f). According to the above experi-
mental results and relevant literature,”® the acridone radical
cation formed in situ by the SET process acted as a HAT agent
for regioselective C(sp®)-H arylation. The mechanistic details
of heterogeneous photocatalysis are outlined in Fig. S16.1

Photocatalytic oxidation of benzylamine

To further explore the impact of the formation of rigid ligands
on the electron transfer direction, another typical reaction,
benzylamine oxidation, was executed as the model reaction.
Our group has developed the combination of hydrogen pro-
duction and oxidation of benzylamine through the intra-
molecular PET process with a series of triphenylamine-based
Co-MOFs as photocatalysts.”* Co-TBPA is no exception; it also
realizes photocatalysis with the oxidation of benzylamine of
>99% yield and hydrogen production of 127 pmol g* h™*
under the same conditions (Table S4, entry 17), indicating that
electrons are preferentially transferred from the photosensitive
ligand triphenylamine to cobalt metal under irradiation.
However, when Co-CDDA was used as the photocatalyst, the
reaction mentioned above proceeded with difficulty (Table S4,
entry 2}), suggesting that the electrons could not transfer
efficiently from the photosensitizer acridone to the Co™ nodes
for hydrogen production. These controlled experimental
results indicated that the introduction of a carbonyl group to
form a planar acridone dye group caused the intramolecular
PET process to be effectively inhibited.”””® Moreover, we
noticed that nitrobenzene was an effective fluorescence
quenching agent for Co-CDDA (Fig. S20 and S217); therefore,
we speculated that the introduction of nitrobenzene as an elec-
tron acceptor into our photocatalytic reaction system could
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Table 3 Evaluation of nitrobenzene reduction coupled with the oxi-
dation of different amines with the Co-CDDA photocatalyst

< @ﬂNHg 420 nm LED, CH,CN, Ar, rt R @AN/\©~R
I » R——
A Co-CDDA, Nitrobenzene, 6h A
5

5a: > 99% 5b: 97.1%
N N
Q/\N/\Q\ /@/\N/\Q\
F F Cl Cl
5c: 95.3% 5d: 90.6%
FiC CF, H,CO OCH,
5e: 71.2% 5f: > 99%

Standard conditions: Co-CDDA (10 pmol), nitrobenzene (0.4 mmol),
benzylamine (0.2 mmol) and 4.0 mL CH;CN for 6 h under an Ar atmo-
sphere at room temperature. Yields were determined by GC analyses
using 1,3,5-trimethoxybenzene as the internal standard.

View Article Online

Research Article

effectively coordinate with the oxidation of benzylamine. The
standard reaction was conducted in a flame-dried Schlenk
quartz flask containing the substrate benzylamine 4a
(0.2 mmol), nitrobenzene (0.4 mmol), Co-CDDA (10 pmol) and
CH;CN (4 mL) under argon at room temperature. The photo-
catalytic ~ transformation gave the target product
N-benzylbenzaldimine product 5a with a yield of >99% upon
irradiation with a 420 nm LED within 6 hours (Table S4, entry
31).

The reaction was further extended to different para-substi-
tuted benzylamines (p-CH;, p-F, p-Cl, p-CF;, p-OCH;) under
standard conditions and all the reactants achieved satisfactory
yields (Table 3). Furthermore, Co-CDDA exhibited excellent
recyclability and stability in the closed redox cycle involving
nitrobenzene reduction and benzylamine oxidation (Fig. 3c).
These results indicated that the introduction of the carbonyl
group into the TPA-based ligand to form a n-conjugate plane
resulted in an increased twisted dihedral angle between the
conjugated carboxylic coordination group and the acridone
group, which successfully regulated the intramolecular PET
process and facilitated the direct use of the dye.

b 200
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Fig. 4 (a) Geometric structure models of Co-CDDA for the DFT calculations. (b) DOS and partial DOS plots for Co-CDDA. (c) Geometric structure
models of Co-TBPA for DFT calculations. (d) DOS and partial DOS plots for Co-TBPA.
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To further investigate the impact of the n-conjugate torsion
formation on the electron transfer process of the excited state
MOFs, density of states calculations were performed based on
density functional theory (DFT) to assess the band structure of
Co-CDDA and Co-TBPA, respectively. The obtained results of
the calculations were used to construct density of states (DOS)
and partial DOS plots (Fig. 4 and S227). The plots showed that
the HOMO in Co-CDDA was contributed majorly by aromatic
carbons and carboxylate oxygen atoms, cobalt played a minor
role and other elements in Co-CDDA offered almost negligible
contributions to the HOMO. Likewise, the LUMO in Co-CDDA
was also mainly contributed by aromatic carbon and oxygen
centers. Hence, DOS plots showed that electronic transitions in
Co-CDDA were more likely to be ligand-to-ligand type, indicating
that the electron transfer from ligands to metal nodes under
photoexcitation was inhibited successfully.”>”* For Co-TBPA, the
positions of the HOMO and LUMO were consistent when com-
pared with the DOS of cobalt, which meant that electrons could
transfer between the ligands and the metal nodes without hin-
drance. The theoretical calculation and experimental results
aligned well, further confirming that the introduction of the car-
bonyl group into the freely rotating triphenylamine-based ligand
to form a conjugate rigid plane caused a much larger torsion
angle between the cobalt nodes and the linked benzene ring that
inhibited preferential electron transfer from ligands to metal
nodes under photoexcitation, which provided an opportunity to
transfer electrons from the ligands to the substrates for photo-
catalytic transformations.

Conclusions

By elaborately designing the configuration of the ligand, we
achieved directional PET processes in MOFs for efficient
photocatalysis. By introducing a carbonyl group at the ortho-
position of the N atom of a TPA-based ligand to form an acri-
done-based ligand with a conjugate plane, both MOFs Co-
TBPA and Co-CDDA were obtained by coordinating with
cobalt, respectively. Single-crystal X-ray structural analysis of
Co-CDDA revealed that a larger angle of torsion was compul-
sively generated between the acridone and the Co™-carboxylate
nodes compared with Co-TBPA, which effectively impeded the
intramolecular PET process from the ligands to the cobalt
nodes. The higher photocatalytic activities of Co-CDDA for
a-amino C-H arylation and the combination of benzylamine
oxidation with nitrobenzene reduction compared to those of
Co-TBPA supported our design strategy. This was further con-
firmed by DFT theory calculations, which provided a basis for
effectively suppressing the extremely widespread photoinduced
electron transfer from the dye-based photocatalysts to the
metal centers under irradiation and was conducive to realizing
better utilization of the redox properties of organic dyes and
broadening the application of MOFs as photocatalysts. We
believe that this new method has paved a promising way to
design novel MOF-targeted catalytic systems, which may
trigger a new blueprint in artificial photosynthesis.
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