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ABSTRACT: Trifluoromethyl (CF;) groups are versatile structural motifs
especially in the field of agrochemicals and pharmaceuticals. However, current
trifluoromethylation reactions are generally associated with stoichiometric
amounts of transition metals/metal oxidants, homogeneous catalysts, high
temperatures, and expensive trifluoromethylating agents. In this work, the
homogeneous photocatalyst Ru(bipy),*" is entrapped in the pores of a faujasite
support (EMC-1) via a “ship-in-a-bottle” strategy. The formation of the
coordination compound was confirmed by Fourier transform infrared (FTIR),
UV—Vis spectroscopy, and X-ray absorption spectroscopy (XAS). Due to its
high stability toward acidified environments, this single-site heterogeneous Arene
catalyst is suitable for the trifluoromethylation of synthetically interesting
(hetero)arenes under visible-light irradiation at room temperature. Furthermore, the heterogeneous catalyst could efficiently be
reused for at least three times with minimal catalyst leaching/deactivation.
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coupling reaction that requires stoichiometric amounts of
homogeneous organometallic complexes/metal oxidants at
elevated temperatures (Figure 1, top).” Moreover, corrosive
and expensive nucleophilic, electrophilic, or radical CF,
sources are frequently used (e.g, CF;I,”° Togni,”"’
Umemoto,"’ or Ruppert—Prakash11 reagents). In recent
years, photoredox catalysis has emerged as a promising
alternative since it can be more environmentally and
economically friendly. In this context, Macmillan investigated
a mild and efficient method for creating electrophilic °CF;
radicals using polypyridyl organometallic photoredox catalysts
such as tris(1,10-phenanthroline)ruthenium(1I) dichloride
(Ru(phen),Cl,), tris(2,2’-bipyridine)ruthenium(II) dichloride
(Ru(bipy);Cl,), or tris[2-(2,4-difluorophenyl)pyridine]-
iridium(I1I) (Ir(Fppy);).”'> The reaction is performed under
visible light at room temperature, providing a strongly reducing
catalyst (*Ru(bipy),**) that is able to activate more
economically interesting CF; sources such as CF;SO,Cl
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Figure 1. Different approaches to the generation of trifluoromethy-
lated products starting from an arene. Usage of stoichiometric
amounts of transition metals (TMs) or metal oxidants at elevated
temperature with expensive CF; sources (top). A homogeneous
photocatalytic approach with organometallic complexes (Ru, Ir, or Pt)
and CF;SO,Cl (middle) and this work, where the reaction is
catalyzed by a single-site heterogeneous catalyst under visible-light
irradiation with CF;SO,Cl (bottom). SMR, substrate over metal ratio.
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Figure 2. (a) XRD diffractogram of simulated EMC-1 (blue), synthesized pristine EMC-1 (red), and EMC-1-Ru (black). (b) UV—Vis spectrum of
the homogeneous complex in acetonitrile (Ru(bipy);Cl,, blue) and a diffuse reflectance spectrum of the Ru-loaded zeolite (black). (¢, d) XANES
(c) and EXAFS (d) data for EMC-1-Ru (solid black) in comparison with reference samples (dashed lines): Ru(bipy);Cl,, blue; RuCl;, green; Ru-

foil, red.

(Figure 1, middle).">~"* Nevertheless, the high cost and the
laborious postsynthetic removal of the homogeneous photo-
active catalysts hamper their further application in large-scale
processes. Heterogeneous catalysts such as metal oxides,”'
carbon nitrides,'” MOFs, and zeolites are typically considered
as promising alternatives, but they have rarely been studied for
photodriven trifluoromethylation.

Faujasite-type zeolite Y materials are aluminosilicates
forming three-dimensional crystalline networks with tridirec-
tional uniform pores/channels. These materials are of great
interest in industrial processes and had a market value of USD
60 million in 2019'% due to their low cost, shape/size
selectivity, high stability, and high specific surface area
(SSA)." Additionally, the ability to exchange transition metals
is important for catalytic applications since these metal ions
can act as the active site, forming a so-called single-site
heterogeneous catalyst. Besides ion exchange, the supercages,
communicated by smaller windows, of zeolite Y can be used to
entrap organometallic complexes, offering a very elegant way
for the creation of single-site heterogeneous catalysts. The use
of zeolites as hosts for specifically photosensitizers also brings
along other important features such as the ability to participate
in electron transfer (ET) via the framework either as an
electron acceptor or electron donor.'”~** Moreover, zeolite
supports are transparent to UV—Vis radiation above 240 nm,
allowing the penetration of incoming light.'”*’

In this work, a photoactive polypyridyl complex,
Ru(bipy);**, is synthesized within the supercages of the
faujasite type zeolite Y via a “ship-in-a-bottle” method to
produce a single-site heterogeneous catalyst.”® The entrapped

Ru-complex can be excited by visible light to activate
CF;S0,Cl (Figure 1, bottom), thereby avoiding the need for
stoichiometric amounts of organometallic complexes/external
oxidants.

Bl RESULTS AND DISCUSSION

Synthesis of the Single-Site Heterogeneous Catalyst.
Conventional faujasite-type zeolite Y materials, with a silicon-
to-aluminum ratio (SAR) of about 2.5, suffer from instability
toward acidic environments, which could result in crystallinity
loss. Dealumination of the zeolite by chemical or hydrothermal
treatment is a proven strategy to alleviate this limitation.
However, these methods require laborious post-treatments
such as steaming, acid leaching, filtration, drying, and washing.
Moreover, a partially dealuminated material contains abundant
defects, which could be the starting point for further Al
removal and even structure loss upon contact with liquid acids.
More recently, a direct one-step synthesis method was
discovered by Patarin et al. to produce a faujasite-type zeolite
Y with increased Si/Al ratio, EMC-1 [Si; ¢Al;0y,Na; — SAR =
3.6].”7 In this procedure, the EMC-1 material is directly
synthesized by using a structure-directing agent (e.g, 1S-
crown-$ ether) in a synthesis hydrogel. This EMC-1 zeolite has
the same topology as the conventional faujasite-type zeolite Y
and is therefore chosen as support material to introduce
Ru(bipy);** via a ship-in-a-bottle strategy.”® The obtained
EMC-1 material was generally ion-exchanged with 0.33 wt %
Ru as Ru(NH;)Cl; in Milli-Q water and afterward contacted
with an excess of molten bipy to form the active complex in the
13 A wide supercages. The resulting complex is too large to be
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released through the 7.4 A wide cage aperture (Figure
§2).7?%?® The amount of entrapped photoactive molecules
was determined by inductively coupled plasma atomic
emission spectroscopy (ICP-OES) after the material was
digested in aqua regia and HF (Table S1). Following the
optimal synthesis procedure,””*® approximately 5% of the
supercages contained the Ru complex, leading to the single-site
heterogeneous catalyst EMC-1-Ru [Si; 6Al;Oy,Nag g9 (Ru-
(bipy)s**)o.01)- The structure and crystallinity of the pristine
and the functionalized zeolite (EMC-1-Ru) were confirmed by
powder X-ray diffraction (PXRD) (Figure 2a), while scanning
electron microsocopy images (SEM and SEM-EDX) revealed
octahedral crystals of approximately 1.9 ym in diameter
(Figures S3 and S4).

The incorporation of the Ru(bipy),’" into the supercages
was further spectroscopically validated. Fourier-transform
infrared spectroscopy (FTIR) data confirmed the presence of
Ru(bipy);** based on the characteristic bands in the region
1400 to 1500 cm™', which are associated to the C—C and
C—N stretch vibrations and/or the C—H in-plane bend of the
2,2"-bipyridine ligand (Figure $5).””*° Furthermore, an
absorption spectrum (Figure 2b) was collected for Ru(bpy),**
containing an absorption band with a maximum at 451 nm,
which is attributed to the metal-to-ligand charge transfer
(MLCT) from the d-orbital of Ru to the z*-orbital of the
bipyridine ligand.’>’' The EMC-1-Ru, measured in diffuse
reflectance mode, had a similar absorption pattern with a
maximum at 453 nm, leading to the excitation of the
photocatalyst in the visible-light region. Additionally, band
gap calculations (via the Kubelka—Munk theory) from the
UV—Vis data indicated that the HOMO—LUMO gap of the
Ru-loaded material (2.6 V) is in line with the MLCT of the
homogeneous complex (Figure S6).”"

The oxidation state of the Ru center is of utmost
importance, since only Ru(II) is susceptible to photoexcitation
and can catalyze the trifluoromethylation reaction. The X-ray
absorption near-edge structure (XANES) of the functionalized
material confirms that the pattern of the encapsulated Ru is
very similar to Ru(bipy);Cl,, which is a first indication that the
trivalent ruthenium atom from Ru(NH,)4Cl, is reduced to
Ru(Il) after the ship-in-a-bottle procedure (Figure 2c). To
further confirm this hypothesis, the local environment of the
encapsulated Ru in the faujasite was studied by extended X-ray
absorption fine structure (EXAFS) (Figure 2d), which revealed
that the Ru center is surrounded by six nitrogen atoms. Ru—Cl
interactions were not observed, indicating that either the
deprotonated zeolite framework or outer sphere Cl atoms
provide electroneutrality of the complex. The signals at higher
radial distances (2—3 A) originate from the well-ordered
carbon atoms of the bipy ligands. The intensity of these signals
is similar as for the molecular complex (Ru(bipy);Cl,), which
is another indication that the Ru-atom is attached to three bipy
ligands. Furthermore, the formation of Ru(bipy);** was also
confirmed in very good yields by XAS calculations (Figure S7
and Table S2), and a good fit was obtained between the
measured spectrum of the EMC-1-Ru and the simulated
spectrum of the encapsulated Ru(bipy);** with interatomic
Ru—N and Ru—C distances of 2.09 and 2.9 A, respectively
(Figure S8).

Optimizing the Reaction Conditions. The performance
of the single-site heterogeneous catalyst, EMC-1-Ru, for the
trifluoromethylation of arenes was tested by employing 1,2-
dimethoxybenzene (veratrole) as model substrate, trifluoro-

methanesulfonyl chloride (CF;SO,Cl) as trifluoromethylation
agent, Mg acetate (Mg(OAc)z) as base, and water to increase
the base’s solubility under the optimized reaction conditions
(Table 1, entry 1).

Table 1. Performance of the Catalyst for the
Trifluoromethylation of the Model Substrate Veratrole (3c)
under Different Conditions

H o) EMC-1-Ru

1 Mg-acetate, H,0 X2
/©/ * FiC-5-Cl CHACN /@bCF” + SO+ Cl+H”
MeO 0 24h, RT, Blue light  MeO
OMe OMe
1 2 3c
entry conditions yield 3¢ (Y,°/Y,%) (%)
1 optimized conditions” 85/9
2 0eq Mg(OAc)zd 78/6
3 1 eq Mg(OAc), 82/10
4 5 eq Mg(OAc), 82/8
5 0 uL H,0 47/4
6 30 uL H,0 70/6
7 120 uL H,0 78/10
8 2 eq CE;80,Cl 57/2
9 10 eq CF,50,C1 74/20
10 15 h reaction” 78/4
11 48 h reaction” 76/17
12 no catalyst <1
13 no light <1

“1 (0.1 mmol), 2 (5 eq), Mg(OAc), (2 eq), H,O (60 uL), EMC-1-
Ru (1 mol % Ru), and 1 mL MeCN, blue light (455—470 nm, 40 W),
24 h at room temperature. bYl is the yield of the product with one
CF;-group at dposition a or b. Y, is the yield of the products with 2x
CF;-groups. “Catalyst is not crystalline anymore.

To verify the role of the catalyst, control experiments in the
absence of catalyst or light were executed, and the lack of
product under these conditions proves the photocatalytic role
of EMC-1-Ru (Table 1, entries 12 and 13). Organic nitrogen
bases, such as pyridine and trimethylamine, are not preferred
to trap the HCIl formed in the trifluoromethylation reaction
since undesired reactions were detected (Table $3).° Inorganic
bases, on the other hand, were more promising, and in
particular, the acetate bases were good candidates with regard
to their pK;, and high water solubility (Tables S4 and S5). The
highest yield (94%) was obtained when using Mg(OAc),.
Although a good product yield was also observed in the
absence of base, the zeolite catalyst was unstable and could not
be recycled (Figure S$9).>* Consequently, next to proton
abstraction from the product intermediate,® the base is also
required to control the reaction environment. Nevertheless, an
excessively large amount of Mg(OAc), has a negative impact
on the atom economy since more waste is generated while the
product yield (90%) remains unchanged (Table 1, entries 2—
4). Generally, an increase of product yield was noticed upon
the addition of water due to a higher base solubility (Table 1,
entries S—7). However, an elevated H,O content decreases the
catalyst’s stability (HCI and CF;SO;H formation; Figures S10
and S12). By increasing the amount of trifluoromethylating
agent (Table 1, entries 8 and 9), the yield increased to 94%,
but at 10 eq of CFj-source, catalyst decomposition and
excessive amounts of undesired double-trifluoromethylated
products were observed (Figure S11). Furthermore, the
optimal reaction time was estimated at 24 h by a kinetic
study since at shorter times, the reaction had not yet reached
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its maximal conversion. However, prolongation beyond 24 h
did not increase the product yield, and more difunctionalized
products were observed (Table 1, entries 10 and 11, and
Figure S13).

The faujasite-type material EMC-1 is used as the support
material for the synthesis of the solid single-site catalyst. This
zeolite (SAR = 3.6)*” not only has suitable cage dimensions to
host the molecular trifluoromethylation catalyst; it also
withstands the acidified environment as confirmed by the
PXRD data (Figure S14). The conventional NaY zeolite
(CBV-100, SAR = 2.5) has a significantly lower SAR; it is not
an appropriate support for the reaction since pore collapse due
to excessive dealumination (Figure 3) and concomitant
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Figure 3. The reaction yield/conversion of zeolite supports with
different SAR ratios (red line) (CBV-100 (SAR = 2.5), EMC-1 (SAR
= 3.6), CBV-712 (SAR = 6), CBV-720 (SAR = 15), and CBV-760
(SAR = 30)). 1,2-Dimethoxy-4-trifluoromethylbenzene (1xCF; (4))
is displayed in blue, 1,2-dimethoxy-3-trifluoromethylbenzene (1xCF,
(3)) is displayed in orange, and double-trifluoromethylated (2xCF;)
products are displayed in gray (left). PXRD diffractogram of the
different support materials after the reaction to check the crystallinity
of the material (right).

leaching are observed (Table S6). On the other hand,
commercial zeolites with a higher SAR ratio (e.g, CBV-712
with a Si/Al ratio of 6 as well as CBV-720 and CBV-760 with
even higher Si/Al ratios) were more stable, and the crystallinity
of the zeolites was preserved (Figure 3). However, in this latter
scenario, leaching of the Ru complex was also noted (Table
S6). Typically, these high SAR zeolites are produced from NaY
during a steaming process, during which water is responsible
for gradually etching away the aluminum from the framework,
resulting in defects and mesopores.””** Consequently, part of
the photocatalyst is trapped in these mesopores with less pore
size restriction (Figure S15 and Table S7), and this ultimately
caused Ru leaching. Note also that the EMC-1-Ru material
produced the highest selectivity for mono-trifluoromethylated
products.

Catalyst Heterogeneity/Stability. A recyclability test
demonstrates that 95% of the catalyst’s activity is retained
toward mono-trifluoromethylated product after three recycling
runs, while a small decrease in initial reaction rate is observed
(Figure 4 and Figure S15). Moreover, the total amount of Ru
leaching in the reaction mixture after three runs is estimated at
3.5% (Table S8), and the PXRD patterns at the end of the
recyclability test did not show a significant decrease in
crystallinity for the EMC-1 support (Figure 4). Additionally,
a filtration test was executed (Figure S17) where the filtrate
was collected after 4 h; it showed no additional yield after 24 h,
while ICP analysis of the reaction mixture showed only 1.4%
leaching, which is likely attributed to the fine fraction of the
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2xCF,4 Conversion EMC-1-Ru-RUN3

Figure 4. Recyclability test for three consecutive runs. A small
reduction in yield was observed after three experiments (left). XRD
diffractogram of the loaded EMC-1-Ru, the supporting material, after
one run and after three runs (right). After the reaction, the mixture
was centrifuged, the reaction solution was removed, and the zeolite
was washed several times by Milli-Q water and dried under vacuum
overnight. Subsequently, fresh reaction mixture was added to the
zeolite, and a second/third reaction run was performed. The reaction
was performed as follows: veratrole (0.1 mmol), CF;SO,Cl (S eq),
Mg(OAc), (2 eq), H,0 (60 L), EMC-1-Ru (1 mol % Ru), and 1 mL
MeCN, blue light (455—470 nm, 40 W), 24 h at room temperature.

zeolite powder (Table S9). Furthermore, EXAFS data of the
single-site catalyst after reaction illustrate a slight decrease in
the Ru—N signal (Figure S18 and Table S10). Consequently,
less than 5% of the active Ru(II) is deactivated.

Substrate Scope. This mild, visible light-induced trifluoro-
methylation procedure was then applied to different (hetero)-
arenes to investigate the scope of this single-site heterogeneous
catalyst (Figure S). Low yields are observed for arenes bearing
electron-withdrawing groups (3a, 4%), since the aromatic ring
is poorly activated for the electrophilic CF; radical. On the
contrary, electron-donating substituents have a remarkable
positive effect on the product yield. Therefore, we turned our
attention to more electron-rich arenes, resulting in trifluor-
omethylated products with good to excellent yields. However,
phenol (3h) as substrate has a moderate yield of 36% of the
ortho-trifluoromethylated product due to problems with
limited selectivity, radical polymerization, and subsequent
pore blockage in the zeolite. A set of different heterocycles
(3d—3g) was tested with the knowledge that there is an unmet
need for CF; functionalization procedures for these useful
pharmacophores. As shown in Figure 5, these heteroarenes are
also suitable reactants in this trifluoromethylation protocol
(3d—3g, 22—89%). As a rule, the most electron-rich position
of the arene is preferentially triftuoromethylated (3¢, 3d, 3g,
3i—k, 3n, and 30).”“*° The amount of double-trifluoromethy-
lated product was extremely high for 1,3,5-trimethoxybenzene
(3m) due to the strongly electron-donating character of the
three methoxy groups. Finally, the trifluoromethylation of
relevant compounds such as 3,4-dimethoxybenzoic acid (30)
revealed the practicality of this approach.’®

Finally, pharmaceutically relevant substrates were selected to
demonstrate the significance of the single-site heterogeneous
catalyst for the pharmaceutical and fine chemical industry
(Figure 6). Product 3p has a similar molecular structure as its
RNA base analog, uracil, and is obtained with excellent yield
and selectivity. Furthermore, 3q and 3r with methoxymethyl
(MOM)-protecting groups are attractive as precursor materials
for the synthesis of uridine derivatives, which have excellent
antiviral and cancer-treating properties (e.g, trifluridine is a
drug used against the herpes virus). Therefore, large uridine-
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[2IThe yield of the products with one CF;-group, the ratio of the products of trifluoromethylation at
the respective positions is given between brackets. [P'The yield of the products with two CF;-groups.
[FIPoor mass balance due to polymerization reactions. [IThe yield is determined by '"F-NMR

Figure 5. Substrate scope. Reaction conditions: 1 (0.1 mmol), 2 (§
eq), Mg(OAc), (2 eq), H,0 (60 L), EMC-1-Ru (1 mol % Ru), and
1 mL MeCN, blue light (455—470 nm, 40 W), 24 h at room
temperature.

like substrates (3v and 3w) were tested, and good yields/
selectivities were obtained. The bulkiness of these molecules
indicate that interactions between the substrate and the CF;
radicals can be established at the surface of the zeolite support.
Consequently, this trifluoromethylation protocol is also
amenable toward larger substrates. Furthermore, the precursor
for the antidepressant drug fluoxetine (3s, 38%), the
biologically active heteroarene caffeine (3t, 59%), and the
anti-Alzheimer precursor (3u, 50%) were trifluoromethylated
with good yields.

B CONCLUSIONS

In this work, we have developed a convenient photoredox-
based method for the heterogeneous trifluoromethylation of
arenes. The photoactive complex Ru(bipy),** is entrapped in
the supercages of the highly stable zeolite EMC-1, and the
complex formation was successfully confirmed by FTIR, UV—
Vis, and XAS. Various zeolite supports with different SAR
ratios were screened, and an optimal SAR ratio and zeolite
architecture were identified for which a good catalyst stability
is combined with a high activity. Moreover, the reaction can be
performed efficiently under mild reaction conditions and under
visible-light irradiation with CF;SO,Cl as economically
interesting trifluoromethylating agent. Additionally, the hetero-
geneity of the single-site catalyst was confirmed via recycling
tests, and metal analysis of the reaction mixture indicated that
leaching of the Ru complex was very limited. Finally, the
substrate scope revealed that this heterogeneous catalyst is

Fse NH H ]
SISO ooV
HOL SN N N
koj CFy, O
0
OH N

Trifluridine Fluoxetine CF;-Donepezil

[IThe yield of the products with one CF;-group, the selectivity for these products are
showed between the brackets. [PIThe yield of the products with two CF5-groups. [©IThe
yield is determined by '"F-NMR.

Figure 6. Substrate scope of synthetically interesting substrates.
Reaction conditions: substrate (0.1 mmol), CF;SO,Cl (5 eq),
Mg(OAc), (2 eq), H,O (60 L), EMC-1-Ru (1 mol % Ru), and 1
mL MeCN, blue light (455—470 nm, 40 W), 24 h at room
temperature.

suitable for late-stage trifluoromethylation of industrially
relevant arenes.
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ET, electron transfer

SSA, specific surface area
bipy, 2,2-bipyridine

SAR, silica-to-alumina ratio
TM, transition metal

SMR, substrate-to-metal ratio
MOM, methoxymethyl
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