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ABSTRACT: Herein, we report the synthesis of a bifunctional photocatalyst, Zr-OTf-EY, through sequential modifications of metal
cluster nodes in a metal—organic layer (MOL). With eosin Y and strong Lewis acids on the nodes, Zr-OTf-EY catalyzes cross-
coupling reactions between various C—H compounds and electron-deficient alkenes or azodicarboxylate to afford C—C and C—N
coupling products, with turnover numbers of up to 1980. In Zr-OTf-EY-catalyzed reactions, Lewis acid sites bind the alkenes or
azodicarboxylate to increase their local concentrations and electron deficiency for enhanced radical additions, while EY is stabilized
by site isolation on the MOL to afford a long-lived catalyst for hydrogen atom transfer. The proximity between photostable EY sites
and Lewis acids on the nodes of Zr-OTf-EY enhances the catalytic efficiency by approximately 400 times over the homogeneous
counterpart in the cross-coupling reactions.

irected photocatalyzed hydrogen atom transfer (HAT) is a H
widely used in the transformation of aliphatic C—H PC*
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reactions, a photocatalyst uses photon energy to trigger the

homolytic cleavage of C—H bonds in organic compounds to PC PC PC* PC-H
generate opleg;shell R-. species for further transformations \_PC-H o% S

(Figure la). " The ability of aromatic ketones to abstract a RHAT Curth « High catelyet loading
hydrogen atom has been known since the birth of photo- or PCET transformations « Catalyst decomposition

chemistry, and these carbonyl derivatives have gained much
attention as HAT catalysts in the recent renaissance of

photochemistry and photocatalysis."~'* Upon irradiation, the 00
long-lived triplet state of a carbonyl compound can abstract Zr C
hydrogen from an aliphatic C—H compound to initiate radical- 0 0
based coupling reactions."'~'* For example, HAT catalysts and O Br OTf

Lewis acids can synergistically mediate hydrofunctionalization
of electron-deficient alkenes.>™'” Lewis acids activate alkenes
for the addition of radicals which are generated from a
photoinduced HAT process.

The catalytic efliciency of hydrofunctionalization reactions
is, however, limited by deactivation of photocatalysts via

radical dimerization or radical trapping. A high catalyst loading Ve WSS Lewisacid 0u_ 0 % 5

o) ; & £y NS¢ 7l
(above 10 mol %) is typically needed to %enerate hydro- ( CNo” CFj
functionalization products in moderate yields."®'” It is highly e FsC

desiral'.)le to .deveil:l)p bcilfurlllctional 1cata1f¥tic fgy?tem; (tihat Figure 1. (a) Directed photocatalyzed hydrogen atom transfer
synergize Lewis acids and photocatalysts for efficient hydro- (HAT) by carbonyl-based photocatalysts. (b) Schematic showing

: - 20
functionalization of olefins. the design of a MOL-based bifunctional HAT photocatalyst for
Metal—organic frameworks (MOFs) have provided a sustainable photocatalysis.

versatile platform for studying single-site catalysis and the
synergy between multiple functionalities.”'~>* MOFs isolate
catalytic centers to prevent catalyst deactivation via multi-
molecular decomposition processes. Recently, Duan and co-
workers encapsulated anthraquinone into MOFs to obtain a
site-isolated HAT photocatalyst, which accelerates reverse
HAT and prevents catalyst decomposition via dimerization.*®
However, the three-dimensional structures of MOFs cannot
readily accommodate hierarchical installation of multiple active
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Figure 2. Synthesis and characterization of Zr-OTf-EY. (a) Scheme showing the synthesis of Zr-OTf-EY. (b) PXRD patterns of Zr-BTB, Zr-BTB-
OTf, Zr-OTf-AQ, and Zr-OTf-EY before and after the catalytic reaction, along with the simulated PXRD pattern for Zr-BTB. (c, d) TEM images of
Zr-BTB-OTf and Zr-OT£-EY. (e) UV—vis spectra of digested Zr-BTB-OTf, EY, and digested Zr-BTB-EY.

sites.”*™** We have developed two-dimensional metal—organic
layers (MOLs) via proximal installation of multiple function-
alities to promote synergistic and tandem photoredox
catalysis.”* ™" We hypothesized that a bifunctional HAT
photocatalyst could be synthesized by installing Lewis acids
and HAT photocatalysts through sequential modifications of
secondary building units (SBUs) or nodes (Figure 1b).*" We
further posited that the proximally placed Lewis acids and
HAT catalysts could synergistically activate olefinic substrates
for the addition of HAT-generated radicals to accelerate
reaction rates and improve selectivity for hydrofunctionaliza-
tion products.

In this work, we synthesized a new Zr-OTf-EY MOL
containing strongly Lewis acidic triflate-modified Zrs-SBUs
and eosin Y (EY) photosensitizers for photocatalyzed HAT
reactions. The Zrs SBUs of Zr-BTB MOL (BTB = 4-[3,5-
bis(4-carboxyphenyl)phenyl]benzoate) underwent sequential
modifications to generate Zr-triflate moieties and install EY
photosensitizers. The resultant Zr-OTf-EY efficiently catalyzed
HAT cross-coupling reactions of electron-deficient alkenes and
azodicarboxylate with C—H compounds, with turnover
numbers (TONs) of up to 1980 and a 400-fold higher
catalytic efficiency over the homogeneous control.

A solvothermal reaction between ZrCl, and H;BTB in N,N-
dimethylformamide (DMF) with formic acid and water at 120
°C afforded the known Zr-BTB MOL with a formula of
Zrg(p5-0),(u5-OH),(BTB),(HCO,)s (Figure 2a)."'~* In Zr-
BTB, the Zry SBUs are laterally bridged by BTB ligands and
vertically terminated by formate groups to afford an infinite 2D
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network. Zr-BTB was then treated with 1 M HCl to transform
the terminating Zr,-formate into Zr,-OH/OH,.>*** Subse-
quent triflation by trimethylsilyl triflate produced strongly
Lewis acidic Zr,-OTf sites on the SBUs.*® Reaction of Zr-BTB-
OTf with EY in acetonitrile at 60 °C yielded Zr-OTf-EY by
partially replacing OTf capping groups with the carboxylates in
EY (Figure 2a). '"H NMR analysis of the digested Zr-OTf-EY
gave an EY to BTB molar ratio of 0.1:1 (Figures S7, S8).
Another HAT photocatalyst, 4-(9,10-dioxo0-9,10-dihydroan-
thracen-2-yl)benzoic acid (AQ), was similarly loaded on Zr-
BTB-OTf to afford a bifunctional Zr-OT{-AQ HAT photo-
catalyst.

Zr-BTB, Zr-BTB-OT{, Zr-OT{-AQ, and Zr-OTf-EY showed
similar powder X-ray diffraction (PXRD) patterns that
matched the simulated pattern for Zr-BTB (Figure 2b),
demonstrating the preservation of the 2D network structure
upon SBU modifications. Transmission electron microscopy
(TEM) showed ruffled nanosheet morphologies for Zr-BTB-
OTf and Zr-OTfEY (Figure 2c,d), whereas the UV—vis
spectrum of digested Zr-OTf-EY showed contributions from
both BTB ligand and EY.

Zr-OT{-EY was examined as a bifunctional HAT photo-
catalyst for the cross-coupling reaction between tetrahydrofur-
an (THF) and phenyl vinyl sulfone (2a). At 0.05 mol %
loading of Zr-OTf-EY, the addition product 3a was obtained in
98% yield with a 1960 TON under blue LED irradiation
(Figure 3a, entry 1). In comparison, a mixture of 0.05 mol %
EY and 0.5 mol % Zr-BTB-OTf produced 3a in 29% yield
(Figure 3a, entry 2). The yield of 3a further decreased to 16%
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Figure 3. (a) Cross-coupling reactions between THF and 2a catalyzed by Zr-OTf-EY and control groups. (b) TONs of Zr-OT{-EY and other HAT
catalysts. (c) Time-dependent conversions for the reactions catalyzed by 0.05 mol % Zr-OTf-EY or 0.0S mol % EY and 0.5 mol % Zr-BTB-OTY. (d)
UV—vis spectra of EY and Zr-OTf-EY before and after the coupling reactions. UV—vis spectra after reactions were labeled with *. (e) Yields of 3a

in four consecutive runs of Zr-OTf{-EY-catalyzed coupling reactions.

in the presence of 0.05 mol % EY (Figure 3a, entry 3),
indicating an important role of the Lewis acid in the reaction.
Approximately 20-fold higher loadings of both Zr-BTB-OTf
and EY were needed to afford 3a in a yield comparable to that
of Zr-OT£-EY (Figure 3a, entry 4), suggesting approximately
400-fold higher catalytic efficiency for Zr-OTf-EY over the
homogeneous control. Zr-OTf-AQ MOL showed lower
activity and afforded 3a in 30% yield (Figure 3a, entry S).
Additionally, in the cross-coupling between THF and 2a, Zr-
OT{-EY exhibited orders of magnitude higher TONs than
other commonly used HAT catalysts, including 9-fluorenone
(FLN), thioxanthone (TXO), and tetrabutylammonium
decatungstate (TBADT) with TONs of 3.6, 4.6, and 4S,
respectively (Figure 3b).*~** Time-dependent experiments
were also performed for coupling reactions between THF and
2a, using 0.05 mol % Zr-OTf-EY or 0.05 mol % EY and 0.5
mol % Zr-BTB-OTf as catalysts under identical conditions
(Figure 3c). Zr-OTf-EY catalyzed the reaction about three
times faster than the homogeneous control. These results
suggest a strong synergy between the HAT photocatalyst and
the Lewis acid in Zr-OTf-EY due to the proximity between
catalytic sites on the MOL.***

Zr-OTf-EY remained stable under photocatalytic conditions,
as evidenced by the retention of the PXRD pattern and UV—
vis spectrum for the recovered catalyst (Figures 2b, 3d).
However, UV—vis spectroscopy revealed the decomposition of
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EY under photocatalytic conditions in the homogeneously
catalyzed reaction (Figure 3d). After 24 h of irradiation, the
characteristic peak of EY at 543 nm completely disappeared
with the appearance of new peaks below 300 nm. Zr-OTf-EY
was also recovered and reused in four runs of cross-coupling
reactions between THF and 2a without a significant decrease
in catalytic activity (Figure 3e).

The Lewis acidity of Zr-OTf-EY was quantified using N-
methylacridone (NMA) as a fluorescence probe.*” The
emission peak maxima of NMA shift to longer wavelengths
when bound to Lewis acids. The differences are used to
qualitatively compare the Lewis acidity of different acids. Zr-
OTf-EY and TiCl, shifted NMA emission peak maxima from
413 nm to 472 and 474 nm, respectively, indicating their
similar Lewis acidity (Figure S12b). The activation of 2a by
TiCl, was further confirmed by 'H NMR (Figure S12c).
Proton signals of 2a all shifted to lower field upon addition of
TiCl, to a solution of 2a. The proton at the anti-position to the
sulfone group shifted the most, from 6.04 ppm to 6.31 ppm,
indicating the binding of sulfone to TiCl,. Zr-OTf-EY-
catalyzed cross-coupling between THF and 2a was completely
shut down in the presence of 1 equiv of TEMPO, indicating
the involvement of a radical intermediate in the reaction.
Cross-coupling between dg-THF and 2a resulted in deutera-
tion in the 2'-position of 3a (Figure S13).
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On the basis of these experimental results and literature
precedents,'”'” we propose a plausible reaction mechanism for
Zr-OTf-EY-catalyzed cross-coupling of THF and 2a in Figure
4. The strongly Lewis acidic Zr,-OTf site binds to 2a to

RHAT

vy

e
Figure 4. Proposed mechanism for Zr-OTf-EY-catalyzed cross-
coupling between THF and 2a.

Radical
Addition

increase its local concentration near the EY photocatalyst and
to enhance its electron deficiency. In the meantime, EY is
excited by blue light to form the diradical intermediate A,
which undergoes a directed HAT with THEF to afford a carbon
radical intermediate B. Trapping of B by the activated 2a forms
a radical adduct C. A reverse HAT (RHAT) process between
C and EY radical affords the product 3a and regenerates EY. In
this mechanistic scenario, isolation of EY photocatalysts on the
SBUs improves the catalyst stability, which explains the
durability of the MOL catalyst in the cross-coupling reactions.
Additionally, the proximity between photocatalysts and Lewis
acids facilitates the reaction between carbon radical B and
activated 2a to enhance the catalytic efficiency by 400 times
over the homogeneous control.

We next examined the generality of MOL-based photo-
induced HAT. As shown in Table 1a, 0.05 mol % Zr-OT{-EY
efficiently catalyzed the cross-coupling of various C—H
compounds with electron-deficient alkenes to afford addition
products 3. C—H partner 1,3-dioxolane (1b) reacted with 2a
to produce Giese adduct 3b in 91% yield with a TON of 1820.
Substituents on the benzaldehyde, including hydrogen (1c),
fluorine (1d), chlorine (le), and a methoxy group (1f), were
tolerated in the reactions to furnish the corresponding
products 3c—3f in 45—54% yields. Other electron-deficient
alkenes, diethyl vinylphosphonate (2g) and 1-methyl-1H-
pyrrole-2,5-dione (2h), coupled with THF to afford alkylation
products 3g and 3h in 61% and 48% yield, respectively.

The formation of C—N bonds is one of the most important
transformations in organic chemistry and has wide a g)plications
in the synthesis of biologically active molecules.”>* We chose
the cross-coupling of diethyl azodicarboxylate (4) with C—H
derivatives as a model reaction to evaluate the catalytic
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Table 1. Zr-OTf-EY-Catalyzed Cross-Coupling Reactions
between C—H Compounds and Electron-Deficient Alkenes
or Azodicarboxylate”

Zrg-OTH-EY (0.05 mol%)

H
RJ—EWG

a oo+ EWG
R-H /\ solvent, rt, 24 h
1 2 blue LED
O_/—SOzPh [O SO,Ph ©)‘\/\802Ph
O 3a o 3b
98% (1960) 91% (1820) 50% (1000)
o)
Q)‘\ASOZP'“ /©)\A802Ph SO,Ph
3f
54% (1080) 51% (1020) 45% (900)
0 o]
1]
P-OEt
! N,
O_/_OEt d CHs
o
39 3h O
61% (1220) 48% (960),1:1 dr
CO,Et R N
0
b L N2 Zrg-OTf-EY (0.05 mol%) ~yNco,et
Et0,C solvent, rt, 24-36 h CO4Et
4 CFL light 5
O oo [ 4
R C :
07 N COE >\ Sonet o} N‘N‘cozEt
5a CO2Et sb 2 5¢ COEt
97% yield 1940 TON 98% yield 1960 TON 45% yield, 900 TON

o

¥
CO,E!
c st OO

98% (1960)
o}

H
5gCOZEt 5hcozEt \_s g CouEt

coza
coga

99% 1980)

COgEt
COzEt

97% 1940)

96% (1920) 48% (960) 92% (1840)
(0]
% H
R 1 P
N PLN
\/\)J\N’N\COZEt P )J\N’N\CO Et cy)J\N CO.Et tBu l}l CO,Et
' . ? COgE COzEt
5§ CO,Et 5k CO,Et 51-°2 m
96% (1920) 85% (1700) 94% (1880), 62% (1240),
cis: trans = 1:1 cis: trans = 1:1
HN/COZEt o "
| H N
N‘cozEt N~ TCO,Et ,\\,' CO,Et
|
COLEt
O 5 CO,Et sp C0?
60% (1200) 53% (1060) 61% (610)

“Reactions were performed at 0.2 mmol scale with Zr-OTf-EY (0.05—
0.1 mol % based on EY) as catalyst at room temperature for 24—36 h.
Isolated yield (TON) for each compound.

performance of Zr-OTf-EY in C—N bond formation
reactions.””* Under CFL light irradiation at room temper-
ature, Zr-OT£-EY (0.05—0.1 mol % based on EY) competently
catalyzed the coupling reactions of various C—H derivatives
with 4 in good to excellent yields with TONs of up to 1980
(Table 1b). Ethers including tetrahydropyran, 1,3-dioxane, and
tetrahydro-2H-pyran afforded addition adducts Sa—5c in 45—
98% yields. Aryl-substituted aldehydes with both electron-
withdrawing and -donating groups were tolerated to afford the
corresponding products Sd—Sh in 48—99% isolated yields.
Thiophene-2-carbaldehyde also reacted with 4 to afford Si in
92% yield. The reactions with primary, secondary, and ternary
alkyl aldehydes proceeded smoothly to yield products 5j—5m
in good to excellent yields. It is worth noting that cis/trans
isomers were detected for products Sl and Sm, which contain
bulky cyclohexyl and tert-butyl groups. The cross-coupling
reactions with benzylic substrates (In—1p) also proceeded
smoothly to afford Sn—Sp in 53—61% yields.
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Several control experiments were performed to demonstrate
the advantages of Zr-OTf-EY catalyst. Reactions catalyzed by
0.05 mol % EY alone or 0.05 mol % EY and 0.5 mol % Zr-BTB-
OTf afforded product 5a in 17% and 36% yield, respectively.
Twenty-fold higher loadings of both EY and Zr-BTB-OTf were
needed to afford 3a in a comparable yield to Zr-OTf-EY. In
addition, the catalytic activity of Zr-BTB-OTf was maintained
throughout the reactions, as demonstrated by reuse of Zr-BTB-
OTf in four runs of cross-coupling reactions between 2a and 4
with no decrease in the yields of 5a (Figure S11a).

In summary, we have sequentially modified the nodes of Zr-
BTB MOL to afford the bifunctional Zr-OTf-EY MOL with
strong Lewis acid sites and HAT photocatalysts for hydro-
functionalization reactions. Zr-OTf-EY effectively catalyzed
cross-coupling reactions of electron-deficient alkenes or
azodicarboxylate with various C—H compounds through
photoinduced HAT to afford C—C and C—N bond-forming
products with TONs of up to 1980. Zr-OT{-EY outperformed
homogeneous controls by 400 times as a result of higher
photocatalyst stability, increased local concentrations of Lewis
acid-activated alkene and azo substrates, and enhanced alkyl
radical transfer from the photocatalyst to the activated
substrates. The MOL catalyst was readily recovered and
reused in photocatalytic hydrofunctionalization reactions. This
work highlights the potential of MOL node modification as an
effective strategy for developing synergistic catalysts for
sustainable catalysis.
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