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Abstract Herein, the preparation and characterization of three Ru-based
heterogeneous photocatalysts supported on ordered mesoporous silica
materials are reported. The photocatalytic activity of these catalysts was
evaluated through oxidation, reduction, cycloaddition and carboxylation
reactions and their efficiencies are comparable to the parent [Ru(bpy)s]Clz in
homogeneous conditions. These photocatalysts are efficiently recovered even
after five reactions cycles offering new opportunities in sustainable chemistry.
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Nowadays, sustainable, and environmentally-friendly
processes allow chemists to move towards new methods
adhering to green chemistry principles! including energy
reduction, atom economy, catalysis, less chemical waste
production and selective transformations in synthesis. A
transition towards sustainable processes is thus required and the
photocatalysis concept is considered as a valuable alternative.?
Indeed, the activation of a photocatalyst (PCat) by UV-visible or
near-infrared light3 allows conversion of these renewable
sources of energy into chemical energy. The excited
photocatalyst is capable of transferring electrons or energy to a
substrate to form the key reactive intermediates, mandatory to
initiate the transformation. The role of the photocatalyst is
crucial but unfortunately these precious compounds are typically
lost at the end of the reaction, during the work-up step. Thus,
improving the photocatalyst recovery remains an important
challenge in limiting waste production in this type of process.
This is particularly important for expensive and potentially toxic
PCat.

In this context, the wuse of heterogeneous
photocatalysts* prepared via the immobilization of the molecular
photocatalyst onto a suitable solid material seems to be a
valuable solution.> The synthesis of a robust, stable support is
determinant in reaching this goal. Usually, heterogeneous

Aza-Henry
Cycloaddtion

Dehalogenation
Carboxylation

photoredox systems are composed of an insoluble support
(metallic nanoparticles,® polymer,” silica8) bonded to a
photocatalyst by an organic linker or simply by specific
interactions between the two partners. Our previous results
demonstrated that the heterogenization of two organic dyes Rose
Bengal (RB)? and Eosin Y (EY)? on ordered mesoporous silica
supports was possible and offered very interesting
photocatalytic activities in oxidation and reduction.

Ordered mesoporous silica materials present
interesting features such as availability, size-controlled porosity,
stability, and facile functionalization.!® Following on from our
previous work, we sought to extend the strategy of conjugation
of catalysts to supports to include successful metal complex
redox photocatalyst [Ru(bpy)s]Clz (bpy = 2,2’-bipyridine). So far,
the heterogenization of this complex has been achieved on
polymer support or non-porous silica materials.”8 Very few
examples of derivatives of Ru(bpy)s?* grafted into porous
material support are reported and their applications in organic
synthesis are still undervalued.!2

In this work, we performed the heterogenization of a
[Ru(bpy)2L]Cl2 complex through a covalent grafting via
functionalized bipyridyl ligand L into three mesoporous silica-
based material with 2D hexagonal mesostructure and different
pore sizes ranging from 2.6 to 6.1 nm after grafting. Covalent
grafting of the complex into the material requires the slight
modification of one of the 2,2’-bipyridine- ligands to anchor an
alkyne motif, easily amenable to further functionalization via
click-chemistry.

The study started with the preparation of this modified
ligand.13 Benzylic oxidation of 4,4’-dimethyl-2,2’-dipyridyl 1 gave
the corresponding monoaldehyde 2 in 35% yield. Undesired
overoxidation was observed explaining the modest yield of this
step (Scheme 1) . Reducing this aldehyde 2 using NaBH4 provided
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the alcohol 3 in 78% and finally the nucleophilic substitution of
propargyl bromide afforded the desired ligand 4 in 88% yield.
This ligand 4 was used in a ligand-exchange step with
[Ru(bpy)z]Cl2 to obtain the final modified complex
[Ru(bpy)2(4)]Clz (6). UV-visible absorption and emission spectra
were recorded for 6 and no significant differences were observed
with those measured for [Ru(bpy)s]Clz in similar conditions (see
ESI, Figure S3).

0
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Scheme 1 Preparation of modified Ru-complex 6

The next step consisted in the grafting of silica
materials, with 3-azidopropyltriethoxysilane 7 playing the role of
the covalent linker. The heterogeneous photocatalysts were
finally obtained after a click reaction (CuAAC) step between the
grafted material and 6 to afford PCat1 = SBA-15-[Ru];!4 PCat2 =
MCM-41-[Ru]-LP (Large Pores) and PCat3 = MCM-41-[Ru]-SP
(Small Pores).15 16
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Scheme 2 Covalent Grafting of 6 on mesoporous silica materials

For each heterogeneous photocatalyst, the textural
properties of the inorganic part were investigated. X-ray
diffraction analysis was performed on the photocatalysts as well
as the grafting intermediates (see ESI, Figure S.7). In all cases, the
peaks associated with the mesopore organization are retained

upon Ru-complex grafting. The presence of azide was confirmed
after the grafting by an intense IR band at 2100 cm! (stretching -
Ns3) in the FT-IR spectrum (see ESI, Figure S.6). In all cases, Nz
adsorption isotherms were recorded, from which specific surface
area, pore diameters and mesoporous volumes were calculated,
and we observed significant differences (Table 1). A larger pore
diameter of 6.1 nm after grafting is obtained for PCat1 compared
to PCat2 and PCat3, for which respective values of 3.8 nm and
2.6 nm were calculated from N2 adsorption data. Interestingly, for
each grafting step we observed a significant decrease of general
textural data (diameter, mesoporous volume, and specific surface
area) for all the materials which proves that the Ru-complex is
mainly linked inside the pores (see ESI, Figure S10). Based on
thermogravimetric analysis (TGA), loading values between 3 and
5 wt% were recorded and used for the rest of photocatalytic
reactions. Interestingly, the same range of Ru-loading was
achieved whatever the porous size of the material support. In
addition, we also prepared a [Ru]-complex immobilized at the
external surface of silica particles : Stober silica, not porous
enough (pore size of about 0.2 nm) to accommodate the
photocatalyst.? Thus, the specific surface area and the [Ru]-
loading is strongly decreased compared to PCat1-3.

Table 1 Textural properties of heterogeneous photocatalyst and [Ru] loading

g Pore Mesoporous
Entry PCat 2“ diameter volume [Ru] wt%
(m?/g) 3
(nm) (cm/g)

1 PCatl 440 6.1 0.57 5

2 PCat2 654 3.8 0.63

3 PCat3 628 2.6 0.41

4 Stober-[Ru] 14 - - 0.4

The evaluation of the photocatalytic activity of the
heterogeneous catalysts started with the oxidation of the N-
aryltetraisoquinoline 8 to form the aza-Henry product 9 in
presence of MeNO2 (Table 2)18 Regardless of the photocatalyst
used, we measured almost full conversions (90 to 100%) for all
the reactions performed in 24 h with the LED-420 nm. Similar
isolated yields were obtained under these conditions (60 to 67%)
which proved that the heterogenization did not impact the
activity of the photocatalyst.l® It should be noted that the
difference between the conversions and the isolated yield could
arise from partial decomposition of compound 9 during the
chromatography step.

Table 2 Photocatalytic aza-Henry reaction

@I PCat (1 mol%)
_—
O/ LED-420 nm, 24 h, r.t

N\©\
O,N o~

8 ? 9
Entry Conditions? Isolated yield (%)
1 Ru(bpy)sCl 67
2 Ru-complex 6 62
3 PCatl 60
4 PCat2 67
5 PCat3 62
6 Stober-Ru 40

2 Reactions were run on 0.25 mmol scale with 1 mL of MeNO, under air.
However, with Stober-[Ru] photocatalyst, the reaction is much
slower (78% of conversion and 40% of yield), demonstrating the
advantage of grafting [Ru] onto porous silica materials.



Then, we explored the recyclability of the
heterogeneous photocatalyst (Figure 1). To do so, we selected
PCat2 which gave a slightly higher yield for the aza-Henry
reaction. Under the same reaction conditions, we obtained
conversion in the range 85 - 95% over 5 cycles and consistent
isolated yields (49-67%). Although the PCat2 was still active and
efficient, a darkening color change was observed suggesting a
partial and slow degradation of the [Ru]-complex.

To demonstrate the robustness of our heterogeneous
photocatalysts we explored a series of organic transformations
involving different type of intermediates.

e PCat-2 (1 mol%)
3 9
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(%) LED-420 nm, 24 h, r.t
= 100
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£ 80
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N 60
s 50
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Figure 1 Recyclability of the heterogeneous photocatalyst PCat2

First, we started to explore the intermolecular [3+2]
cycloaddition between the cyclopropylamine 10 and the styrene
11 to form the cyclopentane 12. This reaction has been
developed by Zheng et al in a homogeneous phase using
[Ru(bpz)3](PFs)2 (bpz = 2,2-bipyrazine).20 We adapted the
previously reported conditions to our heterogeneous
photocatalysts, and we observed 71% yield for PCat1, 44% yield
for PCat2 and 42% yield for PCat3 (Scheme 3).2! These results
were compared to the homogeneous Ru(bpy)sClz, which
provided 53% of 12. This value is slightly lower than the reaction
catalyzed by [Ru]-supported in SBA-15 (PCatl). It should be
noted that the impact of the material support on the
diastereoselectivity was not observed since the same
diastereomeric ratio (d.r = 60:40) was measured for each
photocatalyst.

e PCat Yield (%)‘i
" | Rubpy)sCl,  53% !

PCat1 71%

H
N H !
W PCat (2 mol%) N ! pcatz
' a 9
MeNO, ; 44%
+ PCat3 42%
10

LED-420 nm, 24 h, rt :
12 heeeeeeeeeeeooooeees

Scheme 3 Photocatalytic and intermolecular [3+2] cycloaddition of
cyclopropylamines with styrene

Next, we explored another type of reaction which
involves the reduction of carbon-bromine bond by the
photocatalytic system. To do so, a reaction developed by
Stephenson was selected which involves the photocatalytic
reduction of bromomalonate derivatives followed by radical
addition into an indole ring (Scheme 4).22 This reaction is usually
in competition between the formation of cyclized products 14 or
the reduced compounds 15. Additionally, reactants with different
lengths of carbon chains (n=3, 4, 5) were prepared to check if
changing selectivity could be observed. The efficiencies of the
reactions were similar for all photocatalysts ([Ru(bpy)s]Clz,

PCat1, PCat2, PCat3) and surprisingly the selectivity seems to be
independent of the material support. Using only 1 mol% of
photocatalyst in DMF in the presence of 2 equivalents of
triethylamine, full conversion was observed for each reaction.z
The selectivity between 14 and 15 is only driven by the substrate
(selectivity determined by 'H NMR on the crude mixture). When
the carbon chain is short, formation of the six-member ring
containing 14 can be observed (35%), otherwise the reductive
product 152425 (without cyclization) is obtained as the exclusive

product.
©j\> PCat (1 mol%) CoMe ©i\>
Et;N (2 equiv) A\
N _ %cozm . MOZME
n2 H
CO,Me 24h,rt " Co,Me

CO,Me DMF
n Br LED-420 nm,
13 14 15

PCat full conversions
Rubpy;Cl,,PCat1,PCat2, PCat3

selectivity (%)

14 15 !
n=3 35 65
n=4 0 100
n=5 0 100

Scheme 4 Photocatalytic reduction of bromomalonates

Then, we tried more complex conditions to perform oxy-
difluroalkylation of allylamine 16 (Scheme 5). Using the
conditions of Yu et al, the ability of the heterogeneous
photocatalysts to be efficient under triphasic conditions (solid-
liquid-gas) was investigated.26 In our hands, the homogeneous
conditions with 2 equivalents of DABCO (1,4-diazabicyclo[2.2.
2]octane) and 1 atmosphere of CO2 gave the final product 17 in
52% isolated yield.2” Switching to heterogeneous conditions
(PCa1l, PCat2, PCat3), the same product 17 was obtained, with a
minor alteration of the yields (~42%) suggesting that the
heterogenization did not strongly influence the efficacity of the
photocatalyst. This last result opens the door to a sustainable
approach to recycle COz using heterogeneous photocatalysis.28

€O, (1 atm.) Q
BrCF,CO,Et (1.5 equiv. J( Ph
2CO-EL (1.5 equiv) E0,cFc. ¢ W—/
DABCO ( 2 equiv.) \,%\/
PCat (0.5 mol%) e

17
DMF, LED-420 nm, 16 h, r.t

Ph ~
16

PCat Yield (%):
P Ru(bpy)iCl,  52%
PCat1 44%
PCat2 42%
PCat3 42%

Scheme 5 Photocatalytic oxy-difluoroalkylation of 16

In conclusion, the preparation of three ordered
mesoporous  silica-based  [Ru]-containing heterogeneous
photocatalysts has been achieved using a covalent grafting route.
These new photocatalysts were fully characterized and evaluated
through various reactions. Thanks to the ordered mesoporous
support, the [Ru]-complex is rather accessible, and the
photocatalytic activities of such heterogeneous photocatalysts
are comparable to the homogeneous version. Recyclability
experiments confirm that these sustainable photocatalysts can be
reused more than five times in aza-Henry reactions. The
versatility of the catalysts is still conserved since they are
efficient in oxidation, reduction and COz trapping. More material-
supports are currently under investigation to study their impact
on organic transformations.
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Y.; Yan, S.-S; Li, ]; Yu, D. -G.; Org. Lett. 2018, 20, 190.

General procedure for photocatalytic for oxy-
difluoroalkylation : 16 (45 mg, 0.20 mmol, 1 equiv), PCat
(0.001 mmol, 0.5 mol%) and DABCO (0.039 mL, 0.4 mmol, 2
equiv) were added in 2.2 mL of anhydrous DMF (previously
degassed with COz) into a Schlenk tube equipped with
magnetic stir bar evacuated and backfilled with nitrogen (N2).
Then BrCF2COzEt (0.038 mL, 0.3 mmol, 1.5 equiv) was added
dropwise then CO2 was bubbled into the solution. The mixture
was stirred at room temperature and irradiated with a blue
LED (420 nm) placed at 5 cm for 16 h. 25 mL of brine were
added and the aqueous layer was extracted with AcOEt (3 x 25
mL). The organic layers were combined, dried over MgSO4 and
evaporated under vacuum. The mixture was purified by
column chromatography on silica gel (PE/AcOEt, 80 : 20, v/v)
to afford 17 as a white solid.
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