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Abstract: Although photocatalytic C-H activation has been realized
by using heterogeneous catalysts, most of them require high-
temperature conditions to provide the energy required for C-H bond
breakage. The catalysts with photothermal conversion properties can
catalyze this reaction efficiently at room temperature, but so far, these
catalysts have been rarely developed. Here, we construct bifunctional
catalysts Rh-COF-316 and -318 to combine photosensitive covalent
organic frameworks (COFs) and transition-metal catalytic moiety
using a post-synthetic approach. The Rh-COF enable the
heterogeneous C-H activation reaction by photothermal conversion
for the first time, and exhibit excellent yields (up to 98%) and broad
scope of substrates in [4+2] annulation at room temperature, while
maintaining the high stability and recyclability. Significantly, this work
is the highest yield reported so far in porous materials catalyzing
C(sp?)-C(sp?) coupling at room temperature. The excellent
performances can be attributed to the COF-316, which enhances the
photothermal effect (AT = 50.9 °C), thus accelerating C-H bond
activation and the exchange of catalyst with substrates.

Introduction

In recent years, transition-metal catalyzed C-H bond activation
reactions have become sustainable and complementary methods
to traditional synthetic processes, owing to their step- and atom-
economical nature.['! However, these reactions are often carried
out at higher temperatures, and thus, recent research has focused
on developing greener and more resource-economical
approaches for achieving these reactions under mild reaction
conditions.” Photocatalysis, which offers an atom-economically
and environmentally friendly alternative, presents a milder
alternative pathway to thermally driven reactions through the
transfer of energy or electrons absorbed by light.®l The
combination of transition-metal catalysis and photocatalysis has
become a multifunctional platform for the development of C-H
activation.*! Photocatalysis can assist the basic organometallic
reaction step by modulating the oxidation state of the transition
metal complex or by occurring the energy transfer to excite of the
intermediate catalytic species.®! However, most of these
approaches rely heavily on the simultaneous addition of
transition-metal catalyst and photosensitizer, which can be

expensive and difficult to recycle (Scheme 1a).® Thus, it will be
highly demanded to develop heterogeneous catalyst to fulfill the
requirements of true green chemistry and industrial applications.
Covalent organic frameworks (COFs), a class of crystalline
porous organic materials, are assembled with small organic
molecules to form higher order structures.! Compared with
traditional homogeneous catalysts, COFs have the following
outstanding  advantages, making them qualified as
heterogeneous photocatalysts: (i) The organic small molecule
building blocks of COFs facilitate the introduction of
photosensitive groups, thus enabling the construction of
multifunctional photocatalysts;® (i) The porosity and large
specific surface area of COFs contribute to enhance the catalytic
activity and benefit the mass transfer of substrates, providing the
possibility of new catalysis;® (iii) COFs connected by covalent
bonds have good chemical and thermal stability, so that they
remain stable in most reaction systems even under harsh
conditions and allow for recycling and reusing after reaction;!'"!
(iv) The very strong -1 interactions and extended conjugate
structure of COFs not only promote the separation, diffusion and
migration of light-generated electron-hole pairs, but also enable
efficient photothermal conversion;'"l (v) COFs can improve their
photocatalytic activity or achieve multifunctional performances
through post synthesis modification.'? Therefore, COFs can
provide an ideal powerful platform for heterogeneous
photocatalysis. Currently, COFs in photocatalytic C-H activation
reactions mainly involve cross-dehydrogenative coupling
between tetrahydroisoquinoline derivatives and nucleophilic
reagents, and alkylation reactions of aromatic compounds.['3
These reactions basically involve free radicals and single electron
transfer courses, in which photosensitive COFs play a good role
as electron transfer carriers.[""l However, in most of transition-
metal catalyzed C-H activation, the reaction processes are not
involved in the free radical course, but rather an organometallic
step in which the C-H bond is cleaved to form C-M (M for metal)
bond.['51 And the rate-determining step of the reactions depends
on the breakage process of the highly thermodynamically stable
C-H bonds (bond dissociation energy = 90-110 kcal mol™).
Therefore, it is necessary to develop a class of COFs materials
that can generate photothermal effects to facilitate C-H bond
breaking step and thus drive C-H activation reaction cycle.
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Scheme 1. Post-synthetic COFs by Rh moiety as heterogeneous photothermal catalyst for C-H annulation of aromatic acids with alkynes.

Herein, we report the design and synthesis of two COFs-
based composites Rh-COF-316 and -318 for heterogeneous
photothermal C-H activation reactions. Benefiting from the
ordered structure of COFs and the covalent bond of the
cyclopentadiene Rh'" block, the uniformly distributed Rh-COF are
formed spontaneously by a programmable method according to
the position of the reserved carboxyl groups in the COFs (Scheme
1b). The post-synthesized Rh-COF are used to catalyze the [4+2]
annulation of benzenic with alkynes to product isocoumarins, an
important class of pharmaceutical intermediates.!"® In contrast to
homogenous catalytic C-H activations, the Rh-COF complexes in
heterogeneous system simultaneously fulfill bifunctional roles.
The first role is to absorb light and provide sufficient thermal
energy (photothermal conversion efficiency AT = 50.9 °C) to the
reaction center, while the second role is to enable efficient binding
of reaction substrates and catalytic sites, as well as the rapid
diffusion of products. With these advantages, the Rh-COF
catalysts exhibit excellent product yield (up to 98%), wide range
of substrates, high stability and good reusability.

Results and Discussion

We proposed a strategy to achieve heterogeneous C-H activation
by post-synthetic strategy, enabling uniform loading of
cyclopentadiene moiety in the COFs. The Rh-COF-316/318
complexes were synthesized by the model condensation reaction
of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP),
tetrafluorophthalonitrile (TFPN) or  2,3,56-tetrafluoro4-
pyridinecarbonitrile (TFPC), and the amidation reaction of [(u5-
Me4Cp(CH.)2NH3)RhCI.].Cl, (Rh moiety) (Figure 1a). Inductively

coupled plasma mass spectrometry (ICP-MS) confirmed the
successful preparation of Rh-COF-316 and -318 with average Rh
contents of about 7.68+0.3 and 7.05+0.3 wt.%, respectively,
indicating the presence of about one Rh molecule per unit cell. To
investigate the structure of the obtained complexes, powder X-ray
diffraction (PXRD) was used. It is remarkable that the crystallinity
of Rh-COF complexes was preserved despite the post-synthesis
reaction process. The characteristic diffraction peaks observed in
these complexes were attributed to COF-316 and -318 without
obvious shifts compared to the pre-synthesis state (Figure 1b, S1).
Based on the above results, it is determined that the density of
the post-synthesis catalytic sites was at a low level, and the effect
of spatial resistance and framework structure induced the
existence of sufficient space between them to facilitate the
catalytic reaction (Figure 1c).

Furthermore, the fourier transform infrared (FT-IR)
spectrums confirmed the successful formation of amide bonds
between the initial COFs and the cyclopentadiene block. The
spectrum exhibited a strong amide C=0 stretching peak at 1642
cm™', while the original C-N peak of COF-316 and -318 at 2240
cm™ and the C=0 peak of COF-COOH at 1717 cm™" disappeared,
indicating the reduction of the initial COFs and their linkage to the
cyclopentadiene block by amide bonds (Figure 2a, S2-3). To
further confirm the C=0 stretching peak, we synthesized two
small molecule fragments of Rh-COF. The FT-IR spectra showed
the amide C=0 stretching mode at 1645 cm' (Figure S4), which
is consistent with the measurements of Rh-COF. The formation of
amide bonds was confirmed by '*C cross-polarization magic angle
spinning (CP-MAS) NMR spectroscopy (Figure 2b and S5). By
comparing COF-316/318 and free Rh moiety, the peak at ~ 163
ppm was assigned to the generated amide group, while the peaks
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Figure 1. (a) Synthesis of Rh-COF-316 via post-synthesis with Rh moiety followed by amidation reaction. (b) The PXRD patterns of COF-316-simulation, COF-316

and Rh-COF-316. (c) The schematic diagrams of the arrangement of cyclopentadienylrhodium in the channel structure.

below 50 ppm were assigned to the the cyclopentadiene
compound (Figure S6).['"] In addition, all these chemical shifts in
Rh-COF aligned closely with those of the corresponding small
molecule fragments (Figure S7-8). Then, the X-ray photoelectron
spectroscopy (XPS) analysis was performed. The deconvolution
N 1s XPS spectra of Rh-COF and Rh moiety showed a significant
shift in binding energy after post-synthesis. (Figure 2c). ['®! The
XPS results of the other elements can be found in Figure S9. The
above results illustrated that the cyclopentadiene moiety was
successfully connected to COFs by amide bond. The thermal
stability of Rh-COF-316 and -318 were verified by
thermogravimetric analysis (TGA). Both COFs complexes
exhibited good thermal stability (up to 200 °C, Figure S11-14),
which satisfied the need for potential applications in catalysis. In
contrast to the TGA of COF-316 and -318. The BET surface areas
were investigated by N, adsorption-desorption isotherm at 77 K
(Figure S15-16). The surface areas of COF-316-Rh and 318-Rh
were 68 and 15 m?g™", respectively. Compared to the original
COF-316 and -318, the noticeable decline in the surface areas
indicated that the coordination of Rh moiety enhanced the weight
of COFs significantly. Nevertheless, the thermal stability and BET
surface area were still sufficient for the catalytic applications.
Then, the UV-Vis diffuse reflectance spectra of Rh-COF-316
and -318 were performed. Strong absorption peaks in the range
of 200-500 nm were observed, which was in good agreement with
the performance of the original COFs (Figure 2d, S17). This

results indicated that the optical activity of the constructed Rh-
COF was mainly derived from their incorporated COFs. The layer
structures of Rh-COF-316 and -318 were characterized by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The SEM images showed that both
complexes clearly revealed the layered-sheet morphology (Figure
2e, S18). After post-synthesis the layer structure was not
destroyed and remained unchanged, which was attributed to the
stable COFs crystalline structure and mild chemical modification
means. Energy dispersive spectroscopy (EDS) elemental
mapping images clearly showed that the Rh, N and Cl elements
were uniformly distributed in the structure of the Rh-COF complex
(Figure 2f, S19). Meanwhile, we observed the microscopic
morphology of Rh-COF-316/318 by high-resolution transmission
electron microscopy (HRTEM) (Figure S20-21). The successful
achievement of uniformly distributed catalytic species of
cyclopentadiene Rh composites within the COFs using our
designed post-synthesis approach confirmed the versatility of this
method. For heterogeneous photocatalysts, the photo absorption
capacity of the catalyst was very important. In general, the post-
synthetic Rh-COF should be very promising catalysts for
heterogeneous photocatalytic reactions.

C-H activation, known for its step- and atomic-economy, has
been emerged as a powerful approach for synthesizing important
natural and bioactive compounds. Traditionally, C-H activation
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Figure 2. (a) The FT-IR of COF-316, COF-316-COOH and Rh-COF-316. (b)
Solid *C NMR spectra of Rh-COF-316. (c) The deconvoluted N 1s XPS spectra
of Rh moiety, Rh-COF-316 and Rh-COF-318. (d) Solid-state reflectance UV-vis
spectra of COF-316 and Rh-COF-316. The SEM image (e) and EDS mapping
images (f) of Rh-COF-316.

reactions were carried out under thermocatalytic conditions.
However, the use of photocatalysis offered distinct advantages in
terms of environmental sustainability and economic viability. Rh-
COF-316 and -318, possessing both photoactivity and transition
metal catalytic activity, enabled C-H activation under xenon lamp.

To investigate the photo-driven catalytic activity, the Rh-
COF-316 and -318 were employed as heterogeneous catalyst for
[4+2] annulation of benzoic and alkynes, which was commonly C-
H activation accomplished by homogeneous catalysts under high
temperature.['l We began the study by the model reaction of
benzoic acid (1a) and diphenylacetylene (2a) in MeOH with
Cu(OAc)2'H20 (1.0 equiv) and AgOAc (1.0 equiv) as the additive
at room temperature under xenon lamp irradiation with the full
spectrum. In which Cu(OAc), was used as oxidizing agent, while
AgOAc was used as a reagent to remove chlorine from the
catalyst. In the presence of 10 mg COF-316-Rh, isocoumarin 3a
was produced with trace yield. When many green solvents were
screened, the product was essentially not generated (Table S1,
entry 1-6). To our delight, 3a was formed with 95% vyield in
dichloroethane (DCE) (Table S1, entry 7). A screen of additives
shows that both Cu(OAc);'H>O and AgOAc were required, a
single additive would give a very small amount of product (Table
S1, entry 8-9). Interestingly, when the catalyst was switched from
Rh-COF-316 to Rh-COF-318, product 3a was also obtained 83%
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Table 1. Substrate scope of the C-H annulation of aromatic acids and alkynes. [

0o
R! Rh-COF-316 (10 mg) R!
I\ / AgOAc (1 eq.) |\\ o)
Cu(OAc),-H,0 (1 eq.) NF RS
Xe lamp, DCE, Air, 24 h R2
1 2 3
o] 0o o]
0 0 0
Zph Zph Bu Zph
Ph Ph Ph
3a 95% 3b 98% 3c 94%
0 0 o]
(o] o 0
MeO Z>ph  Ph Z>ph cl Zph
Ph Ph Ph
3d 94% 3e 96% 3f 81%
o] o] 0o
cl
0 0 0
NC 7 pn Zph 7 ph
Ph Ph Ph
3g 80% 3h 96% 3i 88%
0 OMe O cl o
0 (o] 0
Zph 7 ph 7 ph
Ph Ph Ph
96% 3k 92% 3l 85%

3p 96%

3q 98% (9:1)

[a] Reaction condition: 1 (0.10 mmol, 1.0 equiv), 2 (1.2 equiv), Rh-COF-316 (10
mg), AgOAc (1.0 equiv), xenon lamp, Cu(OAc)2-H20 (1.0 equiv), DCE (1.0 mL),
under air for 24 h at room temperature. Cited yields were the isolated yields.
Ratio of regioisomers were determined by 'H NMR.

yield (Table S1, entry 10). The result indicated that the post-
synthetic method could be generalized to obtain highly active
heterogeneous catalysts, and the subtle variation in catalytic
performance might be due to the differences in the loading of Rh
moiety and COFs structure. The desired [4+2] annulation could
not proceed without COF-316 or Rh moiety loading (Table S1,
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entry 11-12), which indicated that the Rh-COF complexes
catalysts exhibited dual-functional heterogeneous catalytic
activity by coupling Rh moiety. Two small molecule fragments of
Rh-COF were likewise tried, and it was shown that neither of them
catalyzed the reaction very well (Table S1, entry 13-14). When
the reaction was carried out under a dark environment at room
temperature, 3a was significantly reduced to trace yield (Table S1,
entry 15). By using 5 mg Rh-COF-316, the yield decreased to
60% (Table S1, entry 16). When switching to pure oxygen, the
yield dropped to 92% due to a side reaction in which the 2a
substrate was partially oxidized (Table S1, entry 17). In the case
of pure oxygen without Cu(OAc),-H.0, no product was obtained
(Table S1, entry 18), which indicated that oxygen could not be
used as an oxidant in C-H activation reaction and was detrimental
to the reaction. When the reaction was carried out under nitrogen,
the yield of 3a was still 95%, which was the same as the yield in
air (Table S1, entry 19). Therefore, the effect of oxygen in air was
limited, and we finally chose to carry out the reaction in air.
Decreasing the additive loading would further decline the yield
(Table S1, entry 20 and 21). Moreover, the reaction also
maintained a similar catalytic efficiency under thermal condition
(Table S1, entry 22).

Subsequently, the functional group tolerance and substrate
scope were investigated with respect to the heterogeneous photo-
driven thermocatalysis of isocoumarin (Table 1). Annulations with
diphenylacetylene 2a and benzoic acids 1 bearing electron-
donating and electron-withdrawing para-substituents progressed
smoothly with good vyield (80-98%) to give corresponding
products (3a-3g). It is noteworthy that the substrate with a
functional group such as cyanide (3g) was also compatible with
this reaction condition. Meanwhile, the ortho- and meta-
substituted benzoic acids were also well tolerated and converted
to the target products (3h-3m) with excellent yield (85-96%). Then,
substituted alkynes 2 were examined with benzoic acid 1a. For
moderately coordinating alkynes, the reactions occurred with
excellent yield (90-97%) to afford product 3n-3p. With respect to
the unsymmetrical alkyne, the substrate with alkyl chain on one
side and aryl group on the other was also smoothly transformed
into the target product 3q in outstanding yield (98%) and good
regioselectivity (9:1).

To exclude the effect of free Rh moiety, we carried out control
experiments with the standard condition in the absence of
substrates. The mixture with Rh-COF-316 was stirred under
xenon lamp for 24 h, and the filtrate obtained by filtration was used
to catalyze the reaction of benzoic acid 1a and diphenylacetylene
2a. As expected, the reaction could not proceed to obtain the
desired product. According to the Rh content in the filtrate
measured by ICP analysis, just only less than 0.05% Rh
corresponding to 0.0033 wt% Rh content in Rh-COF-316 was
present in the filtrate. Similarly, it has been shown in the previous
condition screening that the single Rh block cannot catalyze the
reaction (Table S1, entry 12). We also performed EDS analysis
on the reacted Rh-COF-316, and the results showed that the Rh
element remained evenly distributed in the complex with the
original loading (Figure S22). These results imply that the Rh
moiety was tightly linked to the COFs through covalent bonds, and
only trace amounts of Rh were isolated without catalytic effect
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Figure 3. (a) The recycle catalytic reaction by used Rh-COF-316. (b)
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tests of temperature changes of Rh-COF-316 under irradiation. (d) Proposed
reaction mechanism.

under the reaction conditions.

For photo-driven organic transformations in heterogeneous
system, the catalyst recycling was an important indicator to satisfy
industrial application. Rh-COF-316 was further examined to
reused for several times in the standard condition, the activity and
selectivity were maintained at least for five cycles followed by
excellent yield of 3a (Figure 3a). The PXRD patterns of the
recycled Rh-COF-316 showed that the atomic-level structure was
still maintained, despite the significant decrease in intensity of
PXRD patterns (Figure S23). The decline of structural regularity
was most likely due to the residue of other metal ions in the
interlayer or pore during the repeated redox process of the
catalyst. The Rhsy XPS spectra indicated that the Rh was
remained in its original state in recycled Rh-COF-316 (Figure
S10). From the reaction rate, the number of cycles had no effect
on the initial reaction rate, and the decrease of yield in the final
reaction might be due to the loss of catalyst during the separation
of the catalyst from the reaction system (Figure S24). It was also
to be mentioned that each catalytic cycle required the addition of
the stoichiometric amounts of Cu and Ag acetates.

In order to evaluate the performance of Rh-COF-316 in C-H
activation reactions, we compared the performances of porous
materials such as MOFs, COFs and amorphous porous organic
polymers (POPs) as heterogeneous catalysts in C(sp?)-C(sp?)
bond formation (Figure S25). To date, our catalysts are the
highest yielding C(sp?)-C(sp?) formation in porous materials at
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room temperature, and have a wide range of substrate
applicability and recycling property.?% In general, the Rh-COF
prepared by our post-synthesis strategy not only have stable
crystalline structure and photothermal properties, but also can
achieve an efficient heterogeneous C-H activation reaction with
excellent yield, selectivity and reproducible catalytic properties
under mild conditions.

To explain the catalysis mechanism of photocatalytic cycle
with Rh-COF-316, the control experiments were conducted. The
optimization of reaction conditions revealed that the xenon light
irradiation and acetate additions were necessary conditions to
obtain high yield (Table S1). In particular, the increase of oxygen
would instead reduce the object product, while the nitrogen
atmosphere had no effect on the reaction, indicating that O, was
not involved in the catalytic cycle of [4+2] annulation.

Therefore, we suggested that COFs played the role of light-
promoted thermal catalysis to provide the required energy for C-
H activation reaction. Evaluating the photothermal conversion
performance of Rh-COF-316 by monitoring the temperature
variation of the catalyst surface under light irradiation. After light
exposure, the temperature difference (AT) can be as high as 50.9
°C (Figure 3b). Cyclic light experiments showed that the catalyst
had excellent photothermal stability, and the maximum surface
temperature remained essentially constant (Figure 3c). By
comparing the light absorption and photothermal conversion
performances, we can conclude that the photothermal
performance of Rh-COF-316 was mainly contributed to the
original COF-316, which can effectively achieve photothermal
conversion due to the extended conjugated structure (Figure 2d
and S26).2" Accordingly, the heterogeneous Rh-COF-316 in
reaction mixture provided a high-temperature microenvironment
around the Rh catalytic site to supply the catalytic reaction cycle.
Furthermore, Rh-COF-316 demonstrated the ability to produce
the product in high yield at 60 °C without light (Table S1, entry 22),
providing further evidence for the significance of light-promoted
thermocatalytic C-H activation in this reaction. The deuterium-
labeling experiment was conducted to further insight into the C-H
activation mechanism. (Figure S27). 1a-ds was prepared in
standard condition without diphenylacetylene 2a. There were very
few H/D exchange (< 1%) found in ortho position, suggesting that
the initial cyclization realized by C-H bond cleavage was
irreversible. In a competitive side-by-side reactions with 1a and
1a-ds, the kinetic isotopic effect (KIE) of 2.1 was observed (Figure
S28). It suggests that the C-H activation step was the rate-
determining step in the reaction cycle.

According to the above mechanistic studies and previous
reports,?? a plausible catalytic cycle mechanism was proposed
(Figure 3d). Firstly, Rh-COF-316 and AgOAc produced the Rh"
catalytic species, which reacted with 1 to give rhodium benzoate
I. Then, the photothermal conversion and the coordination of the
oxygen atom in carboxyl group of Rh-COF-316 can assist C-H
bond cleavage, resulting in the five-membered rhodacycle Il. This
process possibly undergoes the concerted metalation-
deprotonation (CMD) path under xenon lamp irradiation through
the thermal effect of photoexcited COF part. Regioselective
coordination and migratory insertion of alkyne 2 furnished the
seven-membered rhodacycle IV, which produces the desired
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product 3 by reductive elimination. Finally, the reoxidation step of
Rh' by Cu' to the Rh"" catalytic species keeps the catalytic cycle

going.

Conclusion

In conclusion, we have successfully developed two Rh-COF
complexes, Rh-COF-316 and -318, using a simple post-synthesis
strategy and applied them to the photothermal -catalytic
heterogeneous C-H activation reaction. The porous two-
dimensional layer structure together with the carboxylic acid
group render the COF materials as an ideal framework to connect
the Rh moiety. The synthesized Rh-COF-316 and -318, featuring
a cyclopentadienylrhodium unit connected by a simple amidation
reaction, are employed to the photocatalysis of the [4+2]
annulation reaction. Owing to their stable crystalline structure,
good photosensitivity, uniformly distributed Rh catalytic centers
and inherent photothermal nature, the Rh-COF catalysts exhibit
remarkable product yields up to 98%, broad scope of substrates,
and high stability with good reusability. This is the first time to
utilize the photothermal conversion properties of COFs materials
to achieve photocatalytic heterogeneous C-H activation reaction.
Significantly, the Rh-COF complexes exhibit highest yields of
C(sp?)-C(sp?) coupling compared to other porous materials under
mild reaction condition due to their uniformly distributed structure
and efficient photothermal conversion properties. The unique
structure facilitates efficient access to the catalytic site and rapid
mass transport of organic substrates, while the photosensitivity
COFs produces a strong photothermal effect (AT= 50.9 °C),
enhancing the overall reaction kinetic. This not only expands the
application of COFs-based complexes in photocatalytic C-H
activation reactions, but also validates the versatility and
feasibility of obtaining heterogeneous catalysts through the post-
synthesis combination of transition-metal building blocks.
Therefore, we convince that our strategy will promote the
utilization of functional COFs material for heterogeneous catalysis
and potentially facilitate their industrial applications.
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In this work, a general post-synthetic strategy for constructing bifunctional catalysts, Rh-COF, which connect photosensitive covalent
organic frameworks and transition-metal catalytic groups through covalent bonding, was developed. Fascinatingly, such complexes
enable efficient photothermal conversion properties, which can improve the photothermal catalytic performances in C-H activation to

obtain excellent yield, substrate suitability and recyclability.
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