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Ba/Ti MOF: A Versatile Heterogeneous Photoredox Catalyst
for Visible-Light Metallaphotocatalysis

Krishnamoorthy Muralirajan, Il Son Khan, Luis Garzon-Tovar, Rajesh Kancherla,
Nikita Kolobov, Alla Dikhtiarenko, Maram Almalki, Aleksander Shkurenko,
Alejandra Rendón-Patiño, Vincent Guillerm, Khoa N. Le, Genrikh Shterk, Huabin Zhang,
Christopher H. Hendon, Mohamed Eddaoudi, Jorge Gascon,* and Magnus Rueping*

The field of sustainable heterogeneous catalysis is evolving rapidly, with a
strong emphasis on developing catalysts that enhance efficiency. Among
various heterogeneous photocatalysts, metal-organic frameworks (MOFs)
have gained significant attention for their exceptional performance in
photocatalytic reactions. In this context, contrary to the conventional
homogeneous iridium or ruthenium-based photocatalysts, which face
significant challenges in terms of availability, cost, scalability, and recyclability,
a new Ba/Ti MOF (ACM-4) is developed as a heterogeneous catalyst that can
mimic/outperform the conventional photocatalysts, offering a more
sustainable solution for efficient chemical processes. Its redox potential and
triplet energy are comparable to or higher than the conventional catalysts,
organic dyes, and metal semiconductors, enabling its use in both electron
transfer and energy transfer applications. It facilitates a broad range of
coupling reactions involving pharmaceuticals, agrochemicals, and natural
products, and is compatible with various transition metals such as nickel,
copper, cobalt, and palladium as co-catalysts. The effectiveness of the ACM-4
as a photocatalyst is supported by comprehensive material studies,
photophysical, and recycling experiments. These significant findings
underscore the potential of ACM-4 as a highly versatile and cost-effective
photoredox catalyst, providing a sustainable, one-material solution for
efficient chemical processes.
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1. Introduction

Developing new catalysts that utilize
sustainable resources for selective cross-
couplings is a compelling area of research
in materials science, drug discovery, and
fine chemical synthesis. Recent develop-
ments based on visible light-mediated
photo-redox dual catalysis have under-
scored the impact of this sustainable
approach in modern synthetic chemistry.[1 ]

However, employing photocatalysts in
advanced drug research often relies on
precious transition-metal polypyridyl com-
plexes or organic dyes, which often present
practical limitations in terms of availability,
cost, and the intricate adjustment of redox
potentials, as well as challenges related to
scalability and recyclability. Conversely, het-
erogeneous photoredox catalysis presents
a promising alternative, distinguished
by its environmentally friendly, scalable,
and cost-effective nature, and its ability
to facilitate distinctive transformations
under visible light irradiation.[2 ] To date,
two main approaches have been explored
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in the design of heterogeneous photocatalysts: i) employing or-
ganic and inorganic semiconductors as photocatalysts,[3 ] and ii)
embedding active photosensitizers (metallic/non-metallic) into
porous materials (vide infra).[% ] The first approach may en-
counter challenges such as inadequate light absorption, the pres-
ence of harmful/ undesirable components, limited tunability,
and morphology and surface-sensitive nature that diminish ef-
ficiency. In contrast, the second approach improves the con-
trolled dispersion of active photoactive species, exemplified by
the integration of well-defined polypyridyl metal complexes into
MOFs.

MOFs have received attention as photocatalysts owing to
their intrinsic characteristics, including high porosity, struc-
tural stability, and reusability.[5 ] With the careful selection of
building blocks (metal ions and ligands), materials with spe-
cific light-harvesting properties can be tailored for targeted
applications.[5a] However, despite the precise control over the
structure of MOFs, many tested as photocatalysts exhibit limited
reactivity in organic synthetic applications. Overcoming these
limitations, the successful incorporation of photoactive com-
plexes (Ru, Ir, and EY) into MOFs was achieved and utilized
in single-electron transfer (SET) reactions.[% ] In 201(, Lin and
co-workers successfully developed a stable Zr12-MOFs (Zr12-Ir-
Ni) catalyst by elegantly integrating Ir(III) photoredox and Ni(II)
cross-coupling catalysts.[%a] Subsequently, the same group re-
ported a Hf12-Ir-Ni MOF prepared by integrating Hf12 secondary
building units (SBUs) with both Ir(DBB)[dF(CF3)ppy]+ photo-
catalytic bridging ligands and Ni(MBA)Cl2 complexes.[%d] More
recently, an interesting dual metalation strategy in a single 2D
Covalent Organic Framework (COFs), Ni−Ir@TpBpy COFs, was
demonstrated.[%b] Although the design of these systems is ele-
gant and has facilitated photoredox cross-couplings, the use of
Ir as the light-absorbing species remains essential. Reports of
heterogeneous photoactive materials capable of participating in
a variety of reactions, employing both single electron transfer
(SET) and energy transfer in conjunction with different metal
catalysts for the synthesis of complex molecules, have yet to be
realized.

Ti-based MOFs hold promise as photocatalysts due to their
high chemical stability and the presence of low-lying, vacant 3d
orbitals in Ti%+, which are crucial for the ligand-to-metal charge
transfer (LMCT) process.[) ] However, synthesizing new Ti-based
MOFs remains challenging due to the complex chemistry of ti-
tanium in solution.[7 ] In this report, we present a novel, multi-
functional heterometallic Ba/Ti-based MOF, that acts as a versa-
tile heterogeneous visible light photocatalyst for a range of C–X
(X = C, O, S, N) cross-coupling reactions through energy trans-
fer (EnT) and electron transfer (ET) processes. The design of this
MOF photocatalyst was guided by several criteria: i) the creation
of heterometallic secondary building units (SBUs) that mimic
the composition of the inorganic semiconductor BaTiO3, and ii)
the incorporation of a photoactive, electron-rich pyrene-based lig-
and that facilitates the formation of high-lying, flat bands due to
the delocalized !-electrons in the pyrene unit.[( ] This combina-
tion of highly mobile electrons and strong hole localization at
pyrene-based ligands has been shown to enhance hydrogen pro-
duction during the photocatalytic hydrogen evolution reaction
(HER).[9 ]

2. Results and Discussion

To construct the new heterometallic MOF (ACM-4) according
to the specified criteria, a solvothermal reaction was carried out
using BaCl2, bis(cyclopentadienyl) titanium(IV) dichloride, and
%,%′,%′′,%′′′-(pyrene-1,3,),(-tetrayl)tetrabenzoic acid (H%TBAPy),
with acetic acid as a modulator (see Supporting Information).
After %( h, yellow rod-shaped crystals were obtained (Figure
S1, Supporting Information). Despite the multiple attempts to
obtain single crystals suitable for single-crystal X-ray diffrac-
tion (SCXRD), the structural model of ACM-4 was constructed
based on the structure and atomic positions of the isostructural
monometallic Ba-based MOF, which was successfully crystal-
lized and characterized (Table S1, Supporting Information). Le
Bail profile refinement confirmed that ACM-4 is indeed isostruc-
tural to the monometallic Ba-MOF, revealing that ACM-4 crystal-
lizes in the monoclinic C2/c space group with unit cell param-
eters of a = 25.%2%(1)) Å, b = 21.)70()) Å, and c = 7.535(7) Å
(Figure S2, Supporting Information). The structural model that
includes Ba/Ti atoms occupying the same crystallographic posi-
tion was subjected to Rietveld refinement, which revealed that the
atomic occupancies of barium and titanium atoms at the same
position have an occupation disorder with occupancy factors of
0.59((9) and 0.%02(9), respectively (Figure S3; Table S2, Support-
ing Information). This means that ACM-4 contains five barium
and three titanium atoms per unit cell and can be described by the
empirical formula accounting for counterbalanced chlorine an-
ions as [Ba0.)Ti0.%O5H11C22]Cl0.(. In ACM-4, the infinite inorganic
molecular building blocks consist of Ba/TiO3 rods constructed
from (-coordinated metal centers. Each Ba/Ti is coordinated to
eight oxygen atoms from carboxylates of six linkers, resulting in
infinite rods of edge-shared Ba/TiO( polyhedra along the c direc-
tion. These rods are extended in six directions by TBAPy link-
ers, which connect each rod to eight neighboring rods in the a
and b directions. This structure generates 1D rectangular chan-
nels with a height of ≈3.5 Å and width of ≈7.0 Å (dimensions
considering van der Waals radii, Figure 1a). Topological analysis
based on the general method for road-building unit-based MOFs
revealed that the topology of ACM-4 corresponds to an unprece-
dented (%,5)-c net with transitivity [2 2] (Figure S%, Supporting
Information).

Scanning Electron Microscopy (SEM) further confirmed the
homogeneous formation of rod-shaped crystals, and the Energy
Dispersive X-ray Spectrometry (EDX) elemental mapping re-
vealed a highly uniform distribution of Ti and Ba atoms along the
crystals (Figure 1b; Figures S5 and S), Supporting Information).
This agrees with the X-ray photoelectron spectroscopy (XPS)
analysis, which confirmed the presence and expected oxidation
states of the elements present in the SBU of ACM-4. As shown
in Figure S7a (Supporting Information), two bands at binding en-
ergies of %5(.9 and %)%.7 eV are attributed to Ti 2p3/2 and 2p1/2,
respectively, corresponding to the Ti%+ oxidation state.[10 ] Addi-
tionally, the binding energy of the Ba 3d band at 7(0.2 eV corre-
sponds to Ba2+ species (Figure S7b, Supporting Information).[11 ]

The content of Ba and Ti in ACM-4 was estimated by inductively
coupled plasma-optical emission spectroscopy (ICP-OES), from
which a Ti: Ba ratio of 1: 1.) was determined (Table S3, Support-
ing Information). This result agrees with the chemical formula of

Adv. Mater. 2024, 2(056(6 © 202( Wiley-VCH GmbH2405(4( (2 of 1))

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202405646 by U
niversity O

f O
regon Libraries, W

iley O
nline Library on [09/12/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 1. a) Schematic representation of the ACM-4 framework along the c axis showing the assembly of the [Ba/Ti(-COO)2] SBU with the (-connected
H(TBAPy ligand. Color code: C, gray; O, red; Ba, blue; and Ti, green. b) SEM image of ACM-4 showing the rod-shaped crystals. c) PXRD pattern of ACM-4
(turquoise) compared with the simulated pattern and d) N2 adsorption isotherm of ACM-4.

ACM-4. The phase purity of the ACM-4 material was confirmed
by powder X-ray diffraction (PXRD) (Figure 1c).

The thermal stability of ACM-4 was evaluated by thermogravi-
metric analysis (TGA) and variable-temperature powder X-ray
diffraction (VT-PXRD), revealing that the material retained its
crystallinity up to 300 °C (Figure S(, Supporting Information).
The chemical robustness of ACM-4 was studied by immersing
it in deionized water at different pH levels and in some com-
mon organic solvents for 2% h. The PXRD patterns of the solids
confirmed that their crystallinity was not affected after exposure
to organic solvents and aqueous solutions within a pH range
of 5–9 (Figure S9, Supporting Information). Under more ag-
gressive alkaline (pH ≥ 11) or acidic (pH ≤ 3) conditions, the
PXRD patterns show noticeable peak broadening and the appear-
ance of new peaks. The porosity of ACM-4 was examined by ni-
trogen adsorption-desorption measurements, exhibiting a type
I isotherm, which confirms its microporous nature (Figure 1d;
S10, Supporting Information). The Brunauer-Emmett-Teller spe-
cific surface area (SBET) was calculated to be %)2 m2 g−1. The to-
tal pore volume was estimated to be 0.20 cm3g−1 at P/P0 = 0.5,
in agreement with the theoretical value (0.19 cm3·g−1). By using
the non-local density functional theory (NLDFT) model, the av-
erage pore size of ACM-4 was found to be (.% Å, which is con-
sistent with the crystallographic data (Figure S10d, Supporting
Information).

Subsequently, we investigated the optical properties of ACM-
4 to assess its potential as a photoredox catalyst. Pyrene-derived
compounds are known for their visible-light absorption, energy-
transfer ability, and long excited-state lifetime.[(,9 ] The light ab-

sorption properties of ACM-4 were examined by diffuse re-
flectance ultraviolet–visible (UV–vis) spectroscopy. The UV–vis
spectra (Figure S11, Supporting Information) exhibited a broad
band ≈%90 nm, which is slightly blue-shifted compared to the par-
ent H%TBAPy ligand (light absorption up to 500 nm). The exper-
imental optical bandgap of ACM-4, determined via a Tauc plot,
was found to be 2.) eV (Figure S12, Supporting Information).
By combining this value with the valence band (HOCO) value of
5.( eV (vs vacuum level), which was determined by photoelectron
spectroscopy in air (PESA) (Figure S13, Supporting Information),
we were able to determine the conduction band (3.2 eV) and con-
struct the band alignment diagram of ACM-4 as shown in Figure
S1% (Supporting Information).

Considering the presence of Ti in the MOF structure, the
ligand-to-metal charge transfer (LMCT) mechanism was con-
firmed by solid-state electron paramagnetic (EPR) spectroscopy.
Under illumination in the presence of triethylamine as a sacri-
ficial agent, the characteristic Ti3+ signals with g⊥ = 1.9)) and
g∥ = 1.93% were observed (Figure S15, Supporting Information).
It is important to point out that MOFs featuring LMCTs (i.e.,
MIL-125-NH2) are desirable for photocatalytic applications[),12 ]

due to their e,cient charge separation and longer charge carri-
ers lifetime.[9,13 ] Indeed, electronic band structure (EBS) and den-
sity of states (DOS) calculations using density functional theory
(DFT) revealed that both the conduction band and the valence
band are relatively flat (Figure S1(a, Supporting Information).
The valence band is dominated by the !-orbitals of the TBAPy
linker, while the conduction band exhibits contributions from
both the TBAPy linker and the Ti-3d orbitals, indicating a hybrid
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Figure 2. Comparison of commonly used photocatalysts versus ACM-4. a) Reduction, oxidation potentials, and bandgap of common photocatalysts
with ACM-4. b) Emission spectra of ACM-4 and Ir[dF(CF)3ppy]2(dtbbpy)PF6. c) Reverse emission quenching of [ACM-( + NiBr2·3H2O] with N,N-
diisopropylethylamine (DIPEA).

character (Figure S1(, Supporting Information). This hybridiza-
tion results in a conduction band with reduced dispersion com-
pared to systems dominated purely by Ti orbitals.[9,1% ] This sug-
gests that excitation might primarily occur within the linker, with
partial charge transfer to the Ti centers due to the close energy lev-
els of the Ti-3d orbitals, as further supported by EPR data a,rm-
ing the presence of Ti3+ species. This confirms that the photocat-
alytic process of ACM-4 involves a ligand-to-metal charge transfer
mechanism. In addition, Ti centers are likely to play a more sig-
nificant role than Ba centers due to the lack of Ba-DOS in the con-
duction band or valence band. Nevertheless, it has been demon-
strated that the presence of Ba2+ might lead to the stabilization of
Ti orbitals, reducing the conduction band level by ≈100 meV.[11 ]

Finally, the electronic band structure also revealed that ACM-4
has a direct bandgap of 2.2( eV, closely aligning with the exper-
imental measurement, and the computational ionization poten-
tials were found to be in excellent agreement with those obtained
experimentally.

The broad redox potential range, spanning from +1.11 to
−1.%9 V versus saturated calomel electrode (SCE), allows for
both the reduction and oxidation of transition metals as well
as a wide variety of organic substrates. Notably, the 2.) eV
bandgap is comparable to or slightly larger than those of fre-
quently used Ir-photoredox complexes, organic dyes, and metal
semiconductors (Figure 2A).[3e,15 ] Most importantly, the triplet
energy of ACM-4 (ΔE = )0.( kcal mol−1) is almost simi-
lar or higher than the commonly used conventional photo-
sensitizers (Ir[dF(CF)3ppy]2(dtbbpy)PF), ΔE = )0.7 kcal mol−1;
Ir(ppy)3, ΔE = 53.) kcal mol−1) (Figure 2B; Figure S19, Support-

ing Information), which warrant its use as an energy transfer
photocatalyst.

2.1. ACM-4/Ni Photoredox Dual Catalysis

Recently, it was shown that the challenging reductive elimina-
tion steps from either electronically excited Ni(II) or Ni(III) inter-
mediates can be eased through energy transfer (EnT) or electron
transfer (ET) from an iridium photosensitizer.[1) ] Given the ade-
quate redox potentials, bandgap, and high triplet energy of ACM-
4, we anticipated that the photosensitization of Ni complexes
by ACM-4 could result in e,cient organic transformations. Re-
cently, nickel has emerged as a prominent catalyst for facilitating
various carbon-heteroatom cross-coupling reactions in its excited
state. However, the need for short excitation wavelengths in the
purple region, elevated reaction temperatures, and the reliance
on more reactive aryl halides pose limitations that impact the
generality and the economic viability of the reactions.[17 ] Devel-
oping sustainable photocatalysts for the effective transformation
of organic molecules into high-value-added compounds is a key
objective in cutting-edge academic and industrial research and
development.[1( ] In modern drug design and discovery, the modi-
fication of heterocycles and natural products, as well as their com-
bination via cross-couplings, is essential.[19 ] Many drugs feature
aryl or aliphatic substituents with polar functionalities involving
nitrogen, oxygen, and sulfur compounds-which are crucial for
maximizing drug-target interactions and maintaining optimal
pharmacokinetics.[20 ] However, these polar functional groups can
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present challenges in cross-coupling reactions due to the Lewis
basic nature of substrates or the high reactivity of cross-coupling
transition-metal catalysts, leading to catalyst poising and sub-
strate decomposition. Thus, there is a need for improved meth-
ods that are milder and compatible with a broad range of func-
tional groups.[21 ]

We initiated our investigation with a carbon-oxygen (C–O)
cross-coupling reaction, using ACM-4 in combination with a Ni-
complex and irradiating at %%0 nm at room temperature condi-
tions. Optimization studies revealed that the treatment of ben-
zoic acid with methyl %-bromobenzoate in the presence of NiCl2-
dtbbpy co-catalyst, N-tert-butylisopropylamine (BIPA) base, and
DMA solvent yielded the desired C–O cross-coupled product 1 in
92% yield (Table S%, Supporting Information). Further improve-
ment in yield to 97% was observed using Cs2CO3 as the base
under the standard conditions. Comparative reactions with the
H%TBAPy linker, and other MOFs such as MIL-125-(NH2) and
the monometallic Ba-MOF, established ACM-4 as an effective
catalyst for the C–O cross-coupling reaction (Table S5, Support-
ing Information). Further, control experiments in the absence
of ACM-4, nickel, ligand, or a base did not result in the cross-
coupling product 1, underscoring the pivotal role of ACM-4 and
other individual components in the catalysis. While higher wave-
lengths of light (%(0 and 5%0 nm) also yielded the C–O cross-
coupled product 1 in 5(% and 31% yield, respectively, the %%0 nm
wavelength was found to be more effective (Table S5, Supporting
Information).

To better understand the superior activity of ACM-4 compared
to MIL-125-(NH2), we performed electrochemical measurements
to assess the charge transfer e,ciency and the generation of pho-
toinduced charges. Specifically, we conducted photocurrent mea-
surements and Electrochemical Impedance Spectroscopy (EIS)
for both ACM-4 and MIL-125-(NH2).[22 ] The transient photocur-
rent was measured under on-off cycles using visible light ("
> %20 nm) in a 0.5 - Na2SO% aqueous solution. As illustrated in
Figure S1) (Supporting Information), ACM-4 exhibited a higher
photocurrent response, consistent with its superior photocat-
alytic performance. Additionally, EIS analysis at high frequencies
indicated faster interfacial charge transfer for MIL-125-(NH2)
compared to ACM-4. However, in the low-frequency range, MIL-
125-(NH2) displayed a vertical curve indicative of non-ideal ca-
pacitance. While increased capacitive behavior can potentially en-
hance photocatalytic activity by capturing and storing more pho-
togenerated electrons, excessive charge accumulation can lead to
recombination,[23 ] which may explain the lower photocurrent ob-
served for MIL-125-(NH2).

Based on literature reports[2% ] and our previous findings,[25 ] we
propose a mechanistic pathway for the C–O cross-coupling in-
volving an energy transfer from ACM-4 (ΔE = )0.( kcal mol−1)
to Ni(II) intermediate (Scheme S1, Supporting Information).[2) ]

The steady-state Stern-Volmer quenching studies using different
concentrations of NiBr2·3H2O (Ni-1) as quencher revealed signif-
icant quenching of ACM-4, indicating that Ni(II) can be initially
reduced by ACM-4 under visible light (Figures S20–S22, Support-
ing Information). The reduced low valent-Ni then undergoes ox-
idative addition with aryl bromide to form a Ni(II)-aryl bromide
intermediate (Ni-2), which further undergoes nucleophilic ex-
change with benzoate to give aryl-Ni(II)-benzoate complex (Ni-3).
Ni-3 can then undergo reductive elimination via energy transfer

from ACM-4 to yield the C–O cross-coupling product. To confirm
the energy transfer from ACM-4 to Ni-3, we conducted quench-
ing studies using variable concentrations of Ni-3 (prepared in
situ, Figure S2), Supporting Information), which showed sig-
nificant quenching of ACM-4, asserting the energy transfer pro-
cess (Figures S27–S29, Supporting Information). Additionally, a
catalytic reaction using Ni-3 and ACM-4 in DMA under visible
light irradiation produced the expected C–O cross-coupled prod-
uct 2, supporting the energy transfer mechanism (Scheme S1,
Supporting Information). It is important to mention that our
further carbon–hetero atom (C–OR, C–OH, C–SR, C–NR) cross-
coupling examinations with ACM-4 and Ni-catalyst delivered a
similar catalytic transformation at room temperature (Tables S7–
S25, Supporting Information). Nevertheless, the possibility of an
electron transfer (ET) mechanism in these reactions cannot be
completely ruled out (Scheme S2, Supporting Information).[2%b]

For instance, in the case of aniline synthesis (Tables S2% and S25,
Supporting Information), the NiBr2.3H2O (Ni-1) can initially be
reduced by ACM-4, and the resulting reduced Ni(I) undergoes ox-
idative addition with aryl bromide to form an aryl-Ni(III)-bromide
intermediate. This Ni(III) intermediate can then undergo nu-
cleophilic exchange with sodium azide (NaN3) to produce the
C−N cross-coupled product 90 (Scheme S2). To verify our hy-
pothesis, we performed the quenching experiments using dif-
ferent concentrations of N,N-diisopropylethylamine (DIPEA) as
the quencher, which does not quench the ACM-4, indicating that
excited-state ACM-4 is not initially reduced by the amine (Figures
S3% and S35, Supporting Information). This suggests that ACM-4
can only be oxidized in its excited state through the reduction of
NiBr2·3H2O (Ni-1) (Figures S20–S22, Supporting Information).
To verify the presence of oxidized ACM-4 during the reaction, re-
verse quenching experiments were performed using a mixture of
ACM-4 and a high concentration of Ni-1 as the standard, with DI-
PEA serving as the quencher. We anticipated that the mixture of
ACM-4 and a high concentration of Ni-1 would produce oxidized
ACM-4 (Figure S3), Supporting Information), which could then
be quenched by the DIPEA if our hypothesis was correct. As ex-
pected, increasing the concentration of DIPEA resulted in the re-
generation of ACM-4, as confirmed by direct visualization and re-
verse emission quenching experiments (Figure 2C; Figures S37–
S39, Supporting Information), demonstrating the electron trans-
fer from DIPEA to the oxidized ACM-4. To exclude the possibility
of an energy transfer mechanism in aniline synthesis, an aryl-
Ni(II)-azide complex (prepared in situ) from a stable aryl-Ni(II)-
Br (Ni-2) complex was tested under standard reaction conditions,
which did not yield the expected C–N cross-coupled product 90,
supporting that the reductive elimination is taking place from the
Ni(III) intermediate via an electron transfer mechanism. Overall,
ACM-4 enables e,cient energy and electron transfer with nickel,
which is attributed to its ligand-to-metal charge transfer prop-
erties, combined with its large bandgap, broad redox potential
range, and high stability, facilitating a variety of cross-coupling
reactions (Tables S%–S25, Supporting Information).

Building on the optimization studies with ACM-4 and Ni,
we explored the scope of carbon-heteroatom cross-coupling re-
actions using a variety of nucleophiles and aryl halides, with
a particular focus on pharmaceuticals, agrochemicals, and nat-
ural products (Figures 3–5). We initially focused on coupling
aryl bromides with bioactive molecules, such as natural products
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Figure ). Substrate scope using bioactive acids and alcohols as the nucleophiles in the ACM-4/nickel-catalyzed cross-couplings. See the Supporting
Information for detailed reaction conditions for each substrate; yields are isolated.
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Figure 4. Substrate scope using water, thiols, sulfoximines, sulfonamides, and amides as the nucleophiles in the ACM-4/nickel-catalyzed cross-
couplings. See the Supporting Information for detailed reaction conditions for each substrate; yields are isolated.
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Figure 5. Substrate scope using amines and azide as the nucleophiles in the ACM-4/nickel-catalyzed cross-couplings. See the Supporting Information
for detailed reaction conditions for each substrate; yields are isolated.

and pharmaceuticals with acid functionality (Figure 3), which re-
sulted in excellent reactivity, yielding aryl esters 3–21 (up to (9%).
The scope of the reaction is remarkable, as a variety of acid nucle-
ophiles with different functional groups-capable of coordinating
to the Ti centers in ACM-4-were well tolerated, with no adverse
effect on the stability of the MOF. Drug derivatives containing
acid groups, including aspirin (3), ibuprofen (4), (S)-naproxen
(5), ketoprofen (6), bezafibrate ()), zaltoprofen (8), isoxepac (9),
indomethacin (10), indoprofen (11), fenofibric acid (12), clofibric
acid (13), probenecid (14), and coumarillic acid (15), were found
to be compatible. Notably, drug moieties with aryl bromides such
as nicometh (used in biarylcarboxamide inhibitors for treating
rheumatoid arthritis), nikethamide (analeptic agent), umbellif-

erone, estrone, desloratadine, and paracetamol were effectively
coupled, resulting in moderate to good yields of the C–O cross-
coupled product 14–21. We then shifted our focus to investigate
the versatility of this dual catalysis concerning other nucleophiles
such as alcohols, hydroxyl, and thiols (Figures 3,%). We employed
(S)-perillyl, Z-L-prolinol, #-D-galactopyranose, certexone, (S)-(-)-
$-citronellol, solketal as oxygen nucleophiles, resulting in the for-
mation of ether derivatives 23–29 in )3%–95% yields. Addition-
ally, the cross-coupling of (S)-(-)-$-citronellol (used in perfumes
and insect repellents) with bromo-substituted drug molecules
such as nicometh, coumarilic acid ester, nikethamide, and nico-
menthyl (employed in anti-aging, anti-free radical, anti-pollutant,
skin detox, and sun care products) yielded hybrid drug molecules

Adv. Mater. 2024, 2(056(6 © 202( Wiley-VCH GmbH2405(4( (8 of 1))
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30–33 in good yields (55%–(7%). Remarkably, hydroxylation of
aryl halides using water under ACM-%/Ni photochemical condi-
tions produced phenolic compounds 34–3) in good yields, with-
out catalytic decomposition (Figure %). Additionally, the sulfur-
containing amino acid L-cysteine was used as a nucleophile in
the presence of ACM-4/Ni, leading to the formation of L-cysteine-
substituted thioethers 38–4) with excellent yields (up to 9%%).
Furthermore, this approach was successfully applied to a range
of aliphatic and aromatic thiols, resulting in high conversion up
to 9)% (48–50).

The e,ciency of the ACM-4/Ni dual catalysis was further
demonstrated by successfully conducting the reaction involv-
ing nitrogen-containing coupling partners such as sulfoximines,
sulfonamides, and amide derivatives with weak nucleophilicity
(Figure %). Various aryl and alkyl N-nucleophiles were tested in
C–N cross-coupling reactions with different aryl bromide drug
analogues, delivering the target bulky molecules 51–)4 in good
yields. Notably, the use (S)-(+)-S-methyl-S-phenylsulfoximine
(51−56), probenecid amide (6)), ibuprofen amide (68), ketopro-
fen amide (69), 2-oxazolidone ()1 and )2), and 2-pyridone ()4)
as coupling partners to access pharmaceutical derivatives were
realized for the first-time using MOF/Ni cooperative catalysis at
room temperature. To further demonstrate the versatility of our
dual catalysis approach, direct C–N cross-coupling was carried
out by reacting amine-containing drug compounds with aryl bro-
mides under standard conditions (Figure 5). For instance, ho-
mopiperonylamine, desloratadine, desipramine, and amoxapine
were reacted with %-bromobenzotrifluoride in the absence of lig-
and, yielding the expected C–N cross-coupled products )5–88
in good yields. Finally, the synthesis of free anilines via reduc-
tive aromatic amination with sodium azide as the amine source
also proceeded smoothly using our dual catalytic system at room
temperature.

This protocol was compatible with a range of functional group-
substituted aryl bromides, resulting in free aniline products 89–
103 in good to excellent yields (%(%–93%). Notably, this method
also facilitated the direct synthesis of drugs such as procaine (103)
in (1% yield. Overall, the use of ACM-4 in cooperative Ni-catalysis
showcases remarkable stability and consistent reactivity across a
range of catalytic processes. Its ability to e,ciently catalyze reac-
tions with diverse organic substrates, including more challeng-
ing ones, highlights its robustness and adaptability, even in the
presence of various coordinating molecules. This versatility is es-
pecially beneficial for synthetic applications, particularly in in-
dustrial settings, as it demonstrates ACM-4′s ability to accom-
modate a range of functional groups and molecular frameworks.

Encouraged by these results, we further explored the photo-
catalytic activity of ACM-4 in combination with other transition
metals, including copper, cobalt, and palladium, across a range
of cross-coupling reactions (Figure 6, also see the supporting in-
formation for full details).

2.2. ACM-4/Cu Photoredox Dual Catalysis

Initially, we decided to explore decarboxylative cyanation reac-
tions using synergistic ACM-4 photoredox and copper cataly-
sis with N-hydroxy-phthalimide (NHP) esters and trimethylsilyl
cyanide (TMSCN) under visible light irradiation at RT. We were

pleased to find that the photochemical decarboxylative cyanation
reaction was highly effective with an ibuprofen NHP ester deriva-
tive, yielding the desired cyanation product 104 in 95% (isolated
(9%) yield under mild reaction conditions using NMP as solvent
(Table S2), Supporting Information). Control experiments con-
firmed that both ACM-4 and the copper catalyst are essential for
the success of the decarboxylative cyanation (Table S27, Support-
ing Information). Comparative studies using the monometallic
Ba-ACM-4 MOF (2(% yield) and TBAPy linker (0% yield) demon-
strated that ACM-4 is an effective catalyst for the proposed trans-
formation. Irradiation at a wavelength of %%0 nm is essential for
optimal results, as higher wavelengths (%(0 and 5%0 nm) resulted
in significantly lower yields (Table S27, Supporting Information).
With the optimized reaction conditions in hand, other NHP es-
ters were further examined to explore the scope of the reaction.
As shown in Figure )a, various NHP esters derived from biolog-
ically active carboxylic acids, such as naproxen, ketoprofen, isox-
epac, indomethacin, fenofibric, 2,%-dichlorophenoxyacetic, and
5-oxo-5-phenylvaleric acid, were compatible with the reaction
conditions, producing cyanation products 105–111 in yields up
to 93%. Further, to highlight the synthetic utility of our MOF
dual catalysis protocol, we extended it to multicomponent decar-
boxylative cyanoalkylation reactions involving alkenes (styrenes
and 1,3-dienes), NHP esters, and TMSCN. A range of func-
tional groups, including methyl, tert-butyl, phenyl, nitrile, triflu-
oromethyl, chloride, and carboxylate, were well tolerated, yield-
ing corresponding cyanoalkylation products 112–121 in good
to excellent yields. In these cyanoalkylation reactions, ACM-4
(E1/2 = −1.%9 V vs SCE) acts as a photo-reductant, convert-
ing NHP esters into alkyl radicals (e.g., 1,3-dioxoisoindolin-2-
yl 2-(%-isobutylphenyl)propanoate; E1/2 = −1.33 V vs SCE) via
a SET mechanism. Concurrently, the oxidized form of ACM-4
(E1/2 = +1.11 V vs SCE) is reduced by oxidizing Cu(I) (E1/2 =
+0.3) V vs SCE) to Cu(II), thereby regenerating the active ACM-4.
The Cu(II) species then reacts with TMSCN and combines with
the alkyl radical to yield the cyanoalkylation product and Cu(I)
(Scheme S3, Supporting Information).

2.). ACM-4/Co Photoredox Dual Catalysis

Building on the success of the MOF/Cu cooperative catalysis, we
subsequently extended our methodology to a distinct reaction:
the direct C–H functionalization of arenes by combining ACM-4
with cobalt catalysis at room temperature (Figure )a). Remark-
ably, the combination of ACM-4 with cobalt demonstrates excep-
tional reactivity in the mild C–H oxidative annulation of amides
with alkynes or alkenes, leading to the formation of annulated
products 122–123 in good yields. Control experiments demon-
strate ACM-4 as an e,cient catalyst compared to monometal-
lic Ba-ACM-4 MOF and TBAPy linker. Irradiation at %%0 nm
is crucial for achieving optimal results, as higher wavelengths
(%(0 and 5%0 nm) led to significantly lower yields (Table S2(,
Supporting Information). The proposed mechanism involves the
one-electron oxidation of Co(II) complex A to form a high-valent
Co(III) intermediate B, facilitated by ACM-4 and O2 under visible
light irradiation (Scheme S%, Supporting Information). Interme-
diate B, in the presence of a base, undergoes ortho-C–H activa-
tion to form intermediate C, followed by olefin coordination (D)
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Figure (. a) Substrate scope and evolution of strategies for various (dual) ACM-4 photoredox/transition metal-catalyzed cross-coupling and SET reac-
tions. b) Catalyst recycling. c) PXRD patterns of ACM-4 before and after four catalytic cycles. d) XPS spectrum of ACM-4 after four catalytic cycles. The
symbols are the experimental data, while the full lines are the components used for the decomposition of the spectra. See the Supporting Information
for detailed reaction conditions for each substrate; yields are isolated.
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and subsequent annulation (E), leading to the desired annulated
product.

2.4. ACM-4/Pd Photoredox Dual Catalysis

Following the successful integration of 3d transition metals with
ACM-4, we also employed the %d transition metal palladium in
conjugation with ACM-4 to e,ciently catalyze the ortho-C–H ac-
tivation in arenes. This method is effective with various directing
groups, including pyridine, amide, and urea, yielding C–H ary-
lation products 124–128 in good to excellent yields (Figure )a).
Control experiments confirm that both the ACM-4 and Pd cata-
lysts are crucial for product formation (Table S29, Supporting In-
formation). A mechanism involving the formation of a palladacy-
cle (aryl–Pd(II)) through C−H activation is speculated, where the
aryl–Pd(II) captures the aryl radical (PhN2

+/Ph•; E1/2 = −0.10 V
vs SCE) generated by the ACM-4, forming a Pd(III) intermedi-
ate. This Pd(III) intermediate then undergoes SET oxidation, fa-
cilitated by the oxidized ACM-4, resulting in the regeneration
of ACM-4 and the formation of Pd(IV) active intermediate. The
Pd(IV) species subsequently undergoes rapid reductive elimina-
tion, releasing the C−C cross-coupled product and regenerating
the Pd(II) catalyst (Scheme S5, Supporting Information).

2.5. ACM-4 SET Catalysis with Organic Substrates

To further demonstrate the versatility of ACM-4 as a photoredox
catalyst, we explored its application in transition metal-free pho-
toinduced radical addition reactions including trifluoromethyla-
tion, decarboxylative alkylation, and hydroxylation, which is ex-
pected to proceed via oxidative and reductive quenching pathways
(Figure )a). For instance, our method effectively enables late-
stage fluoroalkylation of biologically active molecules, providing
a range of fluoroalkylated products 129–132 with excellent yields.
Similarly, ACM-4 proves to be a highly effective heterogeneous
photoredox catalyst under diverse decarboxylative conditions, fa-
cilitating alkyl radical addition reactions with remarkable yields
(133-134). Notably, ACM-4 demonstrates excellent reactivity in
the presence of molecular oxygen under standard reaction con-
ditions, enabling the oxidative hydroxylation of %-methylboronic
acid to produce %-methylphenol (135) with a moderate yield of
)%%. This hydroxylation reaction is initiated through the reduc-
tion of O2 (E1/2 = O2/O2

•− = −0.57 V vs SCE) by ACM-4, re-
sulting in the formation of boronic acid-superoxide radical anion
and ACM-4•+. Concurrently, the oxidation of iPr2NEt by ACM-
4•+ generates iPr2NEt•+ (E1/2 = iPr2NEt/iPr2NEt•+ = + 0.72 V
vs SCE) and regenerates ACM-4, a process supported by pre-
liminary quenching studies (Scheme S), Figure S3%, Supporting
Information).

Overall, ACM-4′s ability to activate multiple transition metals
(Ni, Cu, Co, and Pd) and the organic substrates under photo-
chemical conditions is a distinctive and significant feature. Most
photosensitizers have limited compatibility with certain organic
substrates and transition metals due to mismatches in redox po-
tentials or ine,cient triplet energies. For instance, in our cur-
rent study, the H%TBAPy linker (a molecular analog of the ACM-
4 MOF) absorbs visible light and is compatible with Ni but not

with Cu, Co, or Pd. This suggests that while it can reduce Ni(II),
it is unable to oxidize Cu(I), Co(II), or Pd(III). In contrast, ACM-4
effectively sensitizes a range of transition metals (Ni, Cu, Co, and
Pd), and a variety of organic substrates enabling diverse catalytic
processes without destabilizing radical intermediates. Addition-
ally, ACM-4′s versatility-characterized by its stability, selectivity,
and large bandgap-contribute to its capacity to function in both
energy and electron transfer mechanisms.

2.(. Gram-Scale Synthesis and Recyclability

To demonstrate the scalability of the present methodology using
ACM-4, a gram-scale (2 g, 7.7( mmol) reaction was conducted us-
ing aspirin and 5-bromo nikethamide with low loading of ACM-4
(30 mg), which gave the aspirin-nikethamide C−O cross-coupled
product 1) in 71% yield (Figure )a). One notable advantage of us-
ing MOFs in catalysis is their reusability and ease of separation
from the reaction mixture, which sets them apart from other solid
photocatalysts. After the reaction, ACM-4 was recovered through
centrifugation, purified by simple washing, and reused in subse-
quent cycles (see supporting information for details). Although
some nickel deposition on the ACM-4 could potentially affect
its photocatalytic activity and optical properties, ACM-4 demon-
strated excellent recyclability without a significant loss of photo-
catalytic activity (for the synthesis of 32 and 82) over up to four cy-
cles (Figure )b). However, for compound 82, a slight decrease in
photocatalytic activity was observed in each catalytic cycle, likely
due to the deposition of a small amount of amine impurities on
the ACM-4 catalyst during the reaction. Additionally, the recov-
ered ACM-4 (after the fourth cycle) was characterized by PXRD
and XPS. The PXRD pattern of the reused ACM showed that the
integrity of the MOF structure was retained (Figure )c). XPS anal-
ysis revealed no formation of Ni nanoparticles during the reac-
tion, as evidenced by the absence of the Ni0 band at (52.0 eV
(Figure )d). Instead, the XPS spectrum of the reused ACM-4
showed a single band in the Ni 2p region at (5).% eV (Ni 2p3/2),[27 ]

corresponding to Ni(II) species. It is worth mentioning that the
content of nickel, as determined by ICP-OES, was 1.3 wt.%, cor-
responding to Ni that was not removed during the recovery pro-
cess. In addition, XPS analysis confirmed the presence of Ti%+

(%5(.( eV) and Ba2+ (7(0.1 eV) species (Figure S17, Support-
ing Information), indicating that ACM-4 maintains its structural
integrity and high stability throughout the process. This struc-
tural stability strongly suggests that ACM-4 can function as a
single-platform photo(redox)catalyst, capable of activating multi-
ple transition metal catalysts and supporting a wide array of cat-
alytic processes. It can incorporate a diverse range of substrates,
including more challenging coordinating molecules. This versa-
tility is particularly valuable for synthetic applications, especially
from an industrial perspective, as it demonstrates ACM-4′s abil-
ity to accommodate a range of functional groups and molecular
frameworks.

). Conclusion

Unlike homogeneous iridium or ruthenium-based photocata-
lysts, which face significant challenges related to scalability and
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recyclability, we have developed a new heterogeneous catalyst,
ACM-4, based on a Ba/Ti MOF. This catalyst stands out as an ex-
ceptionally versatile photosensitizer for a wide range of late-stage
functionalization reactions. ACM-4 offers a promising alterna-
tive to conventional photosensitizers and is distinguished by its
environmentally friendly, scalable, and cost-effective nature. Its
broad redox potential range, from +1.11 to −1.%9 V versus sat-
urated calomel electrode (SCE), enables the reduction or oxida-
tion of various organic substrates and transition metals such as
Ni, Cu, Co, and Pd. Additionally, the triplet energy of ACM-4 is
comparable to or higher than the commonly used conventional
photosensitizers, which warrants its use as an energy transfer
photocatalyst. Notably, ACM-4 can be easily recovered and reused
multiple times with minimal loss in e,ciency. The e,cacy of
this Ba/Ti MOF is demonstrated through its ability to drive a
variety of organic transformations, including carbon-heteroatom
cross-coupling reactions involving pharmaceuticals, agrochemi-
cals, and natural products. These significant findings underscore
the potential of ACM-4 as a highly versatile and cost-effective pho-
toredox catalyst, offering a one-material sustainable solution for
e,cient chemical processes. These newly developed methodolo-
gies can enhance environmental sustainability and increase the
economic feasibility of catalytic drug development reactions, fa-
cilitating industrial implementation and significantly contribut-
ing to photocatalysis, metal catalysis, and sustainable chemistry.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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