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A B S T R A C T   

The development of catalysts is crucial for sustainable chemistry, and heterogeneous catalysis, specifically, can 
be environmentally friendly and recyclable. Catalyst immobilization in materials has been explored, in which 
mesoporous silica materials have shown outstanding results in catalysis. Photocatalysis has also gained attention, 
providing solutions for organic synthesis and late-state functionalization, mainly using homogeneous catalysts 
and organic solvents. The use of aqueous media for photocatalytic reactions is particularly attractive from a 
sustainability perspective yet can influence reaction chemoselectivity. However, poor solubility of the organic 
substrates and the catalyst limits photocatalytic methods in water. Mesoporous silicas are water-stable materials 
suitable for catalytic applications in such media, including photocatalysis. In this work, we demonstrate an atom 
transfer radical addition (ATRA) reaction in water using immobilized 10-phenylphenothiazine (PTH) catalyst on 
different mesoporous silica supports, showing improved photocatalytic performance compared to homogeneous 
conditions and substrate selectivity depending on the hydrophobicity of the alkene.   

1. Introduction 

The use of catalysts constitutes an important tool in the development 
of sustainable chemistry. Therefore, special attention has been paid to 
the development of catalysts, and in particular to heterogeneous catal
ysis because of its environmentally friendly and recyclable nature 
attributed to simple separation and recovery, as well as its applicability 
to continuous reactor operations. One of the approaches to the design of 
heterogeneous catalysts is its immobilization into material frameworks 
such as, carbon nanotubes [1], metal or covalent organic frameworks 
[2], among others [3]. Many different supports are available for this 
purpose but choosing the right one is crucial to confer the catalysts with 
not only the aforementioned sustainable characteristics of heteroge
neous catalysts, but also incorporate extra features that permit an 
enhancement of their catalytic performance or that alter the expected 
selectivity of a transformation. 

In the past few years, researchers in heterogeneous catalysis have 

drawn attention to the development of renewable approaches for tech
nological processes such as biomass conversions and water treatment, 
and the use of the solar energy as energy source for CO2 conversion, 
water splitting, and novel organic transformations, the progress of 
which relies heavily on the developments made in the field of photo
catalysis [4]. However, water-mediated processes are challenging, 
mainly due to the impact of water on the stability and catalytic perfor
mance of the materials selected, and special emphasis should be placed 
on addressing catalyst deactivation, as well as ensuring the stability and 
structural integrity of the material in aqueous media [5]. Because of this, 
the development of water-compatible heterogeneous catalytic systems 
remains a major challenge, especially in the photocatalysis field. 

Photocatalysis is considered a powerful tool in organic synthesis as it 
provides solutions not only for the construction of organic molecules but 
also for the chemoselective late-stage functionalization of complex 
molecules under mild reaction conditions [6]. In this field, the vast 
majority of examples use homogeneous photocatalysts, mainly 
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ruthenium(II) and iridium(III) complexes or organic dyes, and organic 
solvents [6]. The use of aqueous media for photocatalytic reactions has 
recently begun to be explored more extensively and these studies have 
revealed the different roles of water, ranging from serving as an electron 
donor to influencing the chemoselectivity of the reaction [7]. Although 
examples of the use of water as solvent for the development of photo
catalytic transformations is scarce, such studies have demonstrated the 
stability and compatibility of common radical precursors, such as aryl 
bromides, carboxylic acids, etc., as well as the complexes in aqueous 
conditions [7]. However, the solubility of reagents and photocatalysts in 
water is generally poor and this limits the applicability of the photo
catalytic methods in aqueous media. 

Among the different water-stable materials, silicas, and more 
concretely, mesoporous silicas, stand out [8]. They have extraordinary 
stability and inertness against both water and organic solvents, and 
exceptional physicochemical properties [8]. For catalytic applications, 
the high surface area and tunable pores of mesoporous silica permit 
facile functionalization with the catalyst. To be more specific, the pores 
create a reaction pocket that can be customized in terms of its shape, 
size, and polarity. Additionally, the absence of visible-light absorption of 
the silica framework has been demonstrated to be optimal for devel
oping photocatalytic materials, which resemble the photocatalytic 
properties of the parent catalyst [9]. 

In this context, the functionalization of alkenes and alkynes, both 
mono- and di-functionalization, plays an important role in organic 
chemistry. Its widespread application has sparked renewed interest in 
synthetic methodologies that employ clever strategies to efficiently 
construct complex molecules. Atom transfer radical addition (ATRA) 
reactions onto alkenes have emerged as influential tools with diverse 
applications in both industry and academic research, allowing the 
introduction of two functional groups into the double bond in a single 
operation step [10]. Building upon the groundbreaking work of Barton 
[11] and Stephenson [12], the most commonly utilized photoredox 
catalysts for ATRA processes have been ruthenium(II) or iridium(III) 
complexes, and more recently, homoleptic or heteroleptic copper com
plexes (approach, Fig. 1)[13]. However, the use of organic catalysts has 
been much less explored in this reaction, and to our knowledge the use 
of the 10-phenylphenothiazine (Ph-PTH) as a photocatalyst, recognized 
as particularly photoreducing (Eox

1/2* = − 2.1 V vs. SCE) [14], has never 
been reported for this reaction. The use of such catalysts often presents 

challenges in terms of reusability and stability under photocatalytic 
conditions. Moreover, they tend to have low solubility in water, making 
them unsuitable for use in an aqueous environment. Previously, we had 
successfully immobilized platinum(II) catalysts onto mesoporous silica, 
observing confinement phenomena that resulted in a change in the 
photocatalytic activity.[15] In this work, we expand our immobilization 
technology to organic photocatalysts and investigate ATRA-type re
actions in water using PTH immobilized on different mesoporous silica 
supports (approach b, Fig. 1). This approach offers several advantages, 
including enhanced stability of the photocatalyst, recyclability, and the 
potential for modified catalytic performance compared to homogeneous 
conditions. 

2. Experimental section 

2.1. Materials and methods 

The description of all the materials, methods and instruments and 
full details of the experimental section are included in the Supporting 
Information (S.I.). MSN, [16] SBA-15, [17] their 3-aminopropyl de
rivatives, MSN-AP and SBA-15-AP, [15,18] PTH-CO2H [19] and the 
starting alkenes 1b-1e were synthesized following literature procedures 
and the synthesis is described in the S.I.. In this section, it is described a 
selection of the different procedures. 

2.2. Synthesis of the heterogeneous photocatalysts MSN-AP-PTH and 
SBA-15-AP-PTH [20] 

In the following procedure, the number of amino groups in MSN-AP 
or SBA-15-AP is calculated based on the %N of the elemental analysis 
and fixed as 1 equivalent. 

In a round bottom flask, PTH-CO2H [19] (1.0 equiv) was dissolved in 
N,N-dimethylformamide (DMF) (10 mL per 50 mg of silica). Then, 4- 
dimethylaminopyridine (DMAP, 3.1 equiv.) and N-(3-dimethylamino
propyl)-N’-ethylcarbodiimide hydrochloride (EDC, 3.4 equiv.) were 
added, and the reaction mixture was stirred for 15 min at room tem
perature. Finally, the corresponding MSN-AP or SBA-15-AP (1.0 equiv.) 
was added, and the reaction was stirred for 24 h. A grey-pale solid was 
formed which was isolated by centrifugation and washed with DMF (3 
× 30 mL), ethyl acetate (EtOAc) (3 × 30 mL) and diethyl ether (Et2O) (3 

Fig. 1. Context of the ATRA reaction and present work with MS-PTH material.  
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× 30 mL). The MSN-AP-PTH and SBA-15-AP-PTH materials were dried 
under vacuum overnight. 

2.3. Synthesis of N-butyl-4-(10H-phenothiazin-10-yl)benzamide PTH- 
CONH-Bu 

In a round bottom flask, PTH-CO2H [19] (64.3 mg, 0.2 mmol) was 
dissolved in 4.0 mL of dichloromethane (DCM). Then, oxalyl chloride 
(17.0 μL, 0.2 mmol,) and a drop of DMF were added. This mixture was 
stirred at reflux for 4 h. Then, the solvents were evaporated, and the 
crude mixture was diluted with 4 mL of DCM. Next, triethylamine (Et3N) 
(60 μL, 0.4 mmol) and butylamine (59.3 μL, 0.6 mmol) were added and 
the reaction was stirred for 16 h. The catalyst was obtained pure after 
column chromatography purification (silica gel, Cyhex:EtOAc 4:1) in a 
60 % yield (44.5 mg, pale-white solid). 

1H NMR (300 MHz, CDCl3): δ 7.89 (d, J = 8.0 Hz, 2H), 7.33 (d, J =
8.0 Hz, 2H), 7.18 – 7.10 (m, 2H), 6.95 (dq, J = 13.2, 7.1 Hz, 4H), 6.50 (d, 
J = 7.7 Hz, 2H), 6.31 (bs, 1H), 3.48 (q, J = 6.7 Hz, 2H), 1.70 – 1.54 (m, 
2H), 1.49 – 1.35 (m, 2H), 0.97 (t, J = 7.2 Hz, 3H). 13C NMR (75 MHz, 
CDCl3): δ 166.8, 145.1, 143.2, 132.6, 129.1, 127.4, 127.0, 126.7, 124.2, 
123.7, 119.1, 39.9, 31.8, 20.2, 13.8. HRMS (ESI+): Calculated for 
C23H23N2OS [M + H]+: 375.1531, found: 375.1458. 

2.4. General procedure for the photocatalytic ATRA reaction 

In a 10.0 mL vial charged with a stirring bar, the corresponding 
alkene 1a-1e (0.1 mmol), 2-bromoacetophenone (2) (24.0 mg, 0.12 
mmol), LiBr (8.7 mg, 0.1 mmol), MSN-AP-PTH (0.6 mol% of PTH) and 
300 μL of water were added. Then, the vial was sealed with a PTFE/ 
rubber septum and three freeze pump-thaw cycles were applied. The 
reaction mixture was stirred under 420 nm irradiation at 20.0 ◦C for the 
corresponding time. The crude reactions were analysed by 1H NMR. For 
that, 2.8 mg of 1,3,5-trimethoxybenzene (6.1 ppm, 3H; 3.8 ppm, 9H) as 
internal standard and 0.5 mL of CDCl3 were added to the reaction 
mixture, which was shaken. 

2.5. Catalyst recycling 

Once the photocatalytic ATRA reaction was completed and analysed 
by 1H NMR, the reaction mixture was centrifuged (2 × 5 min at 10000 
rpm), and the supernatant was removed. Then, the material was washed 
with DCM (3 × 10 mL), acetone (1 × 10 mL) and Et2O (3 × 10 mL) and 
dried. Next, the material was collected in a vial for being used in the next 
cycle by addition of a new batch of fresh reagents for undergoing the 
general procedure of the ATRA reaction. This procedure was repeated 
for each photocatalytic cycle. 

3. Results and discussion 

3.1. Synthesis and characterization of the materials 

The synthesis of the desired photocatalytic materials MSN-AP-PTH 

and SBA-15-PTH was planned via post-functionalization of the corre
sponding aminopropyl-functionalized silica (MSN-AP or SBA-15-AP) 
with the carboxylic acid derivative of the PTH (PTH-CO2H) (Scheme 1) 
[19]. Previously, the aminopropylated silicas were prepared by stirring 
MSN or SBA-15 in toluene at reflux with (3-aminopropyl)triethox
ysilane (APTS) following reported procedures [15,18]. The successful 
functionalization of the silicas with the AP groups was corroborated by 
IR analysis of the MSN-AP and SBA-15-AP samples, which presented the 
characteristic N–H and C–H stretching vibration bands at ~ 3000 cm− 1 

(see S.I.). The incorporation of the aminopropyl groups to the silica 
allowed for the covalent anchoring of the photocatalyst into the material 
through an amide bond. Thus, the coupling of PTH-CO2H with the two 
different amino-functionalized silicas was conducted in the presence of 
DMAP and EDC. To optimize the conditions of this transformation it was 
key to previously quantify the number of amino groups of the amino
propylated silicas (MSN-AP or SBA-15-AP) by elemental analysis. 

For comparative purposes, we have also prepared the N-butylamide 
derivative of the PTH photocatalyst (PTH-CONHBu), starting from PTH- 
CO2H (Scheme 2). We consider PTH-CONHBu as the homogeneous 

Scheme 1. Synthesis of MSN-AP-PTH and SBA-15-AP-PTH materials.  

Scheme 2. Synthesis of PTH-CONHBu compound.  

Fig. 2. IR spectra of MSN-AP-PTH and SBA-15-AP-PTH materials, and ho
mogeneous PTH-CONHBu. 
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photocatalyst electronically equivalent of the supported ones (MSN-AP- 
PTH and SBA-15-AP-PTH). Firstly, PTH-CO2H was converted into its 
corresponding acyl chloride using oxalyl chloride, which was subse
quently reacted with butylamine to afford PTH-CONHBu in a 60 % of 
overall yield. 

The heterogeneous photocatalysts MSN-AP-PTH and SBA-15-AP- 
PTH were fully characterized. The analysis and comparison of the IR 
spectra, in particular the amide carbonyl stretching vibration at 1640 
cm− 1, of both functionalized materials with that of the parent 
aminopropyl-silica and the homogeneous PTH-CONHBu confirmed the 
adequate binding of the photocatalyst to the amino group of the corre
sponding MSN-AP or SBA-15-AP silica (Fig. 2 and S.I.). The disap
pearance of the strong stretching band of the COO-H indicated that no 
free PTH-CO2H photocatalyst was present inside the pores; additionally, 
the corresponding stretching bands of the silica framework (Si-OH and 
Si-O-Si) were also observed in the MSN-AP-PTH and SBA-15-AP-PTH 
spectra. 

Both MSN and SBA-15 are mesoporous silicas having the same 
chemical composition but with some differences (Table 1). They both 
have a hexagonal arrangement of their pores, but those of MSN are 
smaller than those of SBA-15. On another hand, SBA-15 particles are 
elongated spheres of less than 700 nm whereas MSN are spheres of ~ 80 
nm of diameter [16,17]. Such morphology and pore arrangement were 
maintained after the functionalization of the silicas with PTH as indi
cated in the SEM and TEM images of MSN-AP-PTH and SBA-15-AP-PTH 
samples (Fig. 3). 

The mesoscopic structure of the PTH-modified silica materials was 
identified by powder X-ray diffraction (XRD) and compared to that of 

the parent MSN and SBA-15 silicas. As shown in Fig. 4, the function
alization of the silicas with PTH did not result in any displacement of the 
Miller peaks corresponding to the hexagonal mesoscopic order. How
ever, a noticeable decrease in their intensity was observed, which in
dicates the presence of the PTH within the pores [21]. Those data are 
also in agreement with the textural properties of the materials deter
mined by the measurements of their N2 adsorption–desorption iso
therms at − 196 ◦C (Table 1 and Fig. 5). As expected, there is a decrease 
in the surface area, the total volume, and diameter of the pores after the 
functionalization of SBA-15-AP and MSN-AP with PTH due to the lim
itation in diffusion and the reduction of the pore sizes. This fact confirms 
the incorporation of the PTH catalyst inside the pores. 

SBA-15-AP and SBA-15-AP-PTH present a type IV isotherm (Fig. 5a- 
b) according to the IUPAC classification [22]. This kind of isotherm is 

Table 1 
Main physico-chemical parameters of MSN-AP-PTH, SBA-15-AP-PTH and the parent silica materials.  

Material Pore size (Å) BET (m2⋅g− 1)a Total volume (cm3⋅g− 1) S content (% w/w)b PTH content (mmol⋅g− 1)c 

MSN-AP  45.0 363  0.61 – – 
MSN-AP-PTH  25.0 100  0.43 1.250 0.389 
SBA-15-AP  35.0 265  0.28 – – 
SBA-15-AP-PTH  30.0 97  0.11 0.435 0.136 

a BET: specific surface area calculated from the nitrogen physisorption data. 
b Determined by CHNS elemental analysis. 
c Calculated according to the S content. 

Fig. 3. SEM and TEM images of MSN-AP-PTH (a and c), and SBA-15-AP-PTH 
(b and d) materials. 

Fig. 4. Powder XRD patterns of a) non-functionalized MSN and MSN-AP-PTH, 
and b) non-functionalized SBA and SBA-15-AP-PTH. 
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characterized by an H1 hysteresis loop due to the capillary condensation 
that occurs in mesoporous materials with cylindrical pores [23]. The 
BJH analysis of the nitrogen desorption data reveals a well-defined pore- 
size distribution with narrow peaks and an average pore size of 35 and 
30 Å for SBA-15-AP and SBA-15-AP-PTH, respectively. These findings 
strongly suggest that both materials maintain a consistent and uniform 
mesopore size. MSN-AP exhibits isotherms between type IV and type VI 
(Fig. 5c), emphasizing its mesoporous nature [22]. Furthermore, this 
isotherm shows a hysteresis loop, occurring between P/P0 0.8 and 
approximately 0.5. This loop is a result of the capillary condensation of 
nitrogen into the straight pores of the system [24]. On the other hand, 
the isotherm of MSN-AP-PTH is type III (Fig. 5d), which is characteristic 
of nanoporous or non-porous materials [22]. Indeed, the MSN-AP and 
MSN-AP-PTH BET surface areas decreases from 363 to 100 m2⋅g− 1, 
respectively, due to the functionalization (Table 1). Likewise, the pore 
size changes from 45 to 25 Å, which confirms the presence of PTH inside 
the pores. 

Finally, the amount of PTH bound to the silica materials was calcu
lated according to the sulfur (S) content determined by elemental 
analysis (Table 1). For sample MSN-AP-PTH, a 1.25 % wt. of S was 
found, which corresponds to 0.389 mmol of PTH per gram of silica. By 
contrast, the loading of PTH within the SBA-15 material was lower, 
being 0.136 mmol of PTH per gram of SBA-15 (based on 0.435 % of S). 

3.2. Photophysical properties 

Attempts at forming stable suspensions of the molecular catalysts 
and their supported counterparts were made in each of ethanol (EtOH), 
tetrahydrofuran (THF), and methanol (MeOH). Those in MeOH formed 
sufficiently stable suspensions for photophysical measurements to be 
caried out and MeOH was therefore chosen as the solvent for the 

photophysical measurements. The absorption spectra of the molecular 
PTH-CONHBu and heterogeneous MSN-AP-PTH and SBA-15-AP-PTH 
materials were compared with their structural parent, Ph-PTH (Fig. 6). 
The absorption spectra of Ph-PTH and PTH-CONHBu in MeOH are 
similar, both having bands centered at around 255 nm and both having a 
second, lower intensity band at around 310 and 325 nm, respectively. 
The absorption spectra of the two mesoporous silica species reveal that 
the high-energy band is much less intense, appearing at around ~ 270 
nm. Of particular interest is the long absorption tail out to 500 nm. The 
most highly absorbing species at 420 nm, the excitation wavelength 
used for the photocatalysis, is MSN-AP-PTH with an ε420 nm = ~1500 

Fig. 5. Nitrogen adsorption–desorption isotherms and pore size distribution curves for a) SBA-15-AP, b) SBA-15-AP-PTH, c) MSN-AP and d) MSN-AP-PTH.  

Fig. 6. Molar extinction coefficients for Ph-PTH and the three PTH-based 
photocatalysts in MeOH. 
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M− 1⋅cm− 1, significantly higher than seen for SBA-15-AP-PTH with ε 420 

nm = ~500 M− 1⋅cm− 1. Both molecular species, Ph-PTH and PTH- 
CONHBu, absorb far less than their silica counterparts at this wave
length, with Ph-PTH ε 420 nm ~ 100 M− 1⋅cm− 1 and PTH-CONHBu 
showing negligible absorption at 420 nm. 

Upon measuring the emission spectra of these compounds in MeOH 
(λexc = 420 nm) it was found that only PTH-CONHBu was emissive, 
showing a main broad band at 520 nm (see S.I., Figure S27). The 
emission spectra in THF and toluene are similar but the broad band blue- 
shifts with decreasing polarity, thus permitting us to assign this emission 
to originating from a charge-transfer state. 

The time-resolved photoluminescence decay of Ph-PTH showed 
mono-exponential decay kinetics with a lifetime of τPL = 2.6 ns (Fig. 7a), 
while that of PTH-CONHBu displayed a biexponential lifetime under 
vacuum of τPL = 0.4 ns (10 %), 12 ns (90 %), which remains similar upon 
aeration with biexponential lifetime τPL = 0.4 ns (9 %), 8.8 ns (91 %) 
(Fig. 7b). Despite the very poorly emissive nature of the MSN-AP-PTH, 
the lifetime studies revealed the emission intensity was oxygen sensitive 
(Fig. 7c). The degassed solution has a lifetime of τPL = 2.43 μs, but upon 
aeration this lifetime decreases to 838 ns. This would suggest that this 
material shows very weak room temperature phosphorescence (RTP). 
Indeed, derivatives of phenothiazine have been previously reported to 
show RTP [25]. SBA-15-AP-PTH on the other hand showed no long- 
lived emission or sensitivity towards oxygen. The weak emission of 
this sample decays with triexponential kinetics that do not change in the 

presence of oxygen (τPL under vacuum = 1.4 ns (42 %), 4.3 ns (49 %), 
and 12.9 ns (9 %), and τPL under air = 1.5 ns (58 %), 4.2 ns (37 %), and 
11.8 ns (6 %) (Fig. 7d). The difference in behaviour in the time-resolved 
PL between these two samples may be due to the different conformations 
of the dye, which can adopt both a planar and a puckered conformation 
of the phenothiazine. In the confined silica networks the conformational 
landscape may be different in these two materials, thus explaining the 
difference in the observed behaviour [26]. 

3.3. Catalytic activity 

To evaluate the catalytic activity of MSN-AP-PTH and SBA-15-AP- 
PTH, we chose the ATRA of activated bromoalkanes to alkenes as a 
model reaction [11–13]. Even though this transformation can be 
considered as an atom-economic difunctionalization of olefinic sub
strates, we nonetheless wanted to develop an improved version by using 
a heterogeneous photocatalyst and water as a green solvent. To achieve 
this goal, we first tested the activity of SBA-15-AP-PTH in the radical 
addition of 2-bromoacetophenone (2) to 5-hexen-1-ol (1a) in the pres
ence of LiBr using water as solvent and irradiating at 420 nm, based on 
previous ATRA reaction conditions [11–13] (Table 2). Under these 
conditions, only 0.6 mol% of PTH anchored to SBA-15 silica was found 
to efficiently catalyse the ATRA reaction under study (Table 2, entry 1). 
Surprisingly, increasing the catalytic loading of SBA-15-AP-PTH to 1 
mol% produced a sluggish reaction and the yield of product 3a 

Fig. 7. Time-resolved PL decays of a) Ph-PTH, b) PTH-CONHBu, c) MSN-AP-PTH, d) SBA-15-AP-PTH. All spectra were measured in MeOH. λexc = 375 nm. IRF 
denotes the Instrument Response Function. 
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diminished (Table 2, entry 2). Next, we evaluated the effect of the 
amount of LiBr has on the reaction outcome, determining that 1 
equivalent was the optimal amount to achieve high yields (Table 2, 
entries 1, 3–4). Finally, the concentration of the reaction mixture was 
studied as well. The results showed that concentration is another critical 
parameter among the reaction conditions and the best catalytic perfor
mance was obtained using 0.3 mL of water instead of 0.6 mL (Table 2, 
entries 1, 5). We note that the reaction does not occur in the absence of 
light, catalyst, nor in the presence of oxygen (Table 2, entries 6–8), and 
SBA-15 and SBA-15-AP silicas that are catalyst-free are also not able to 
catalyse the reaction (Table 2, entry 9). 

With the optimized conditions in hand, we next evaluated the two 
catalytic materials prepared (MSN-AP-PTH and SBA-15-AP-PTH) in the 
model transformation. As can be observed in Table 3, this comparative 
study documented the catalytic outperformance of MSN-AP-PTH over 
SBA-15-AP-PTH (97 % vs 70 % yield), [27] even though both experi
ments were performed using the same amount of the photocatalyst 
loading (0.6 mol% of PTH) and reaction conditions. It is well-known that 
the size and morphology of the particles and the pore size of the silicas 
affect their catalytic activity [15,28]. Here, we could attribute the su
perior photocatalytic performance of PTH within the MSN silica to the 
nanoenvironment provided by the smaller confined space in the MSN 
silica (25.0 Å of pore size), compared to that of SBA-15 (30.0 Å of pore 
size), which seems to favour the interaction between the reactants 
within the pore space and consequently, the reaction efficiency. 

One important feature of mesoporous silica is their ability to 
modulate the activity of the embedded catalyst. Reported studies have 

described how the pore size of those materials and the polarity of the 
environment surrounding the anchored catalyst can modulate (enhance 
or inhibit) their activity [15,29]. To investigate this feature, we tested 
MSN-AP-PTH in the ATRA reaction using alkenes having substituents 
proximal to the alcohol moiety (1) with different steric, hydrogen 
bonding, and polar characteristics.[30] Thus, in addition to the previ
ously examined alkene 1a containing a primary hydroxyl group, alkenes 
substituted with N-Boc- and N-Fmoc-glycinate (1b and 1c, respectively), 
diethylphosphate (1d) and methylsulfonate (1e) were submitted to the 
photocatalytic ATRA conditions under MSN-AP-PTH catalysis. Table 4 
shows the yields of the corresponding product 3 obtained after 4 h of 
reaction. The first data extracted from these results are the higher ATRA 
reaction yield in the case of the unsubstituted alcohol 1a, obtaining a 97 
% of product 3a after 4 h. Regarding substituted compounds 1b-1e, 
different reaction progressions were obtained depending on the com
pound studied. Considering that in all the experiments, the photo
catalytic conditions and the silica material are the same, but the only 
significant difference is the hydroxyl protecting group of 1 which does 
not participate in the ATRA mechanism, it is difficult to reconcile the 
differences in the yields found for the substrates 1b-1e. First, to clarify if 
these differences are due to the intrinsic properties of MSN-AP-PTH or 
of those of the alkenes, we also performed the ATRA reaction of com
pounds 1a-1e using the homogeneous PTH-CONHBu photocatalyst 
(Table 4). This comparative study was performed using 0.6 mol% of 
photocatalyst in both the silica material and as the molecular catalyst. 
First, the outstanding catalytic performance of MSN-AP-PTH towards 
the ATRA reaction of the free alkenol 1a was confirmed, surpassing the 

Table 2 
ATRA reaction of alkene 1a with 2 catalyzed SBA-15-AP-PTH a.  

Entry SBA-15-AP-PTH (mol% PTH) LiBr (x equiv.) Variationsa Yield (%)b 

1 0.6 1 – 70 
2 1 1 – 42 
3 0.6 2 – 56 
4 0.6 – – 50 
5 0.6 1 0.6 mL H2O 35 
6 0.6 1 No light n.r. 
7 0.6 1 Under O2 n.r. 
8 – 1 – 9 
9 – 1 using SBA-15 or SBA-15-AP 8  

a Reaction conditions: A mixture of 1a (0.1 mmol), 2 (0.12 mmol), LiBr (1–2 equiv) and SBA-15-AP-PTH (0.6–1 mol% of PTH) in water (0.3 mL) was irradiated at 
420 nm under nitrogen atmosphere during 4 h. b 1H NMR yield calculated from the reaction mixture using 1,3,5-trimethoxybenzene as internal standard. n.r. denotes 
no reaction. 

Table 3 
Model ATRA reaction using different heterogeneous silicas as photocatalysts a.  

Entry Material Pore size (Å) Yield (%)b 

1 SBA-15-AP-PTH  30.0 70 
2 MSN-AP-PTH  25.0 97  

a Reaction conditions: A mixture of 1a (0.1 mmol), 2 (0.12 mmol), LiBr (1 equiv) and SBA-15-AP-PTH or MSN-AP-PTH (0.6 mol% of PTH) in water (0.3 mL) was 
irradiated at 420 nm under nitrogen atmosphere during 4 h. b 1H NMR yield calculated from the reaction mixture using 1,3,5-trimethoxybenzene as internal standard. 
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reactivity obtained using the homogeneous PTH-CONHBu catalyst. 
However, the molecular catalyst is generally more effective than the 
anchored one for the ATRA reaction of O-substituted alkenes 1b-1d. 
Moreover, there is no clear trend that could be discerned between the 
reactivity found using the homogeneous or heterogeneous catalytic 
systems. These changes in the reactivity should be examined considering 

that the catalytic reaction under the homogeneous catalysis takes places 
in an open space whereas the reaction catalysed by MSN-AP-PTH un
dergoes in a confined space in addition to a different polarity environ
ment. This nanoreactor space is constituted of the Si-O-Si walls, the 
hydrophobic catalyst and the pore of the silica contain mainly propy
lamino groups, and rarely silanol groups due to the high-temperature 

Fig. 8. Relationships between the experimental yield obtained for the substrates 1 after 4 h of reaction and a) log P, b) logS, c) molecule size of alkene 1 under 
catalytic MSN-AP-PTH material; and d) log P, e) logS, f) molecule size of alkene 1 under homogeneous PTH-CONHBu. 

Table 4 
Experimental yield of product 3 under catalytic MSN-AP-PTH material and homogeneous PTH-CONHBu, and physicochemical parameters of alkenes 1a-1e.  

Alkene 1 Yield (%)a Molecule size (Å2)b logPc logSc 

using 
MSN-AP-PTH 

using 
PTH-CONHBu 

1a (OH) 97 74 9.14 × 2.97  1.30  − 0.94 
1b (Boc-Gly) 50 100 17.29 × 4.38  2.36  − 3.07 
1c (Fmoc-Gly) 20 60 21.30 × 8.76  4.42  − 5.91 
1d (PO(OEt)2) 67 88 12.80 × 8.39  2.10  − 1.64 
1e (SO2Me) 91 80 11.30 × 2.74  1.51  − 2.40  

a Yield of product 3 calculated using 1H NMR (see S.I.). b The size of each molecule was calculated multiplying the length of the molecule by the width. These values 
were measured with Chem3D program after MM2 geometry optimization. c Estimated logP and logS values obtained with the ALOGPS 2.1 program (https://www.vcc 
lab.org/lab/alogps/). 
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grafting methods that ensures a high functionalization degree. All these 
features create a hydrophobic environment around the photocatalyst 
that would be expected to modify the photophysics and thus the per
formance of the catalyst. In fact, as previously commented, both mate
rials and the molecular photocatalyst present differences in the time- 
resolved PL decays and lifetimes. Moreover, it has also been reported 
that the morphological properties of the mesoporous silica materials 
influence the reaction outcome of different organic transformations 
[31]. For example, the size of the pores can control the diffusion rates of 
reactants and products, and as a result, different product selectivities are 
possible. 

To clarify the origins of the reactivity observed with MSN-AP-PTH, 
we analysed different parameters such as the hydrophobicity, solubility, 
and the size of the akenes 1 (Table 4). The hydrophobicity of the sub
strates was estimated using the n-octanol–water partition coefficient, 
expressed as logP, which was calculated using the ALOGPS 2.1 program. 
Moreover, the same program allowed to calculate the solubility of al
kenes 1a-1e as logS values. For estimating the size of alkenes 1, we have 
estimated it based on the height and width of each molecule measured 
using Chem3D after the geometry optimization. 

The relationship between such parameters and reaction yields using 
MSN-AP-PTH was investigated using graphical representation (Fig. 8a-c 
and Table 4). A parallel analysis was performed with the reaction yields 
obtained under the homogeneous photocatalyst conditions using PTH- 
CONHBu (Fig. 8d-f and Table 4). Upon initial analysis of the graphs 
depicting reactions conducted under homogeneous catalyst PTH-CON
HBu (Fig. 8d-f), no correlation was observed between any of the pa
rameters studied (molecule size, solubility, and hydrophobicity of 
alkene 1) and the reaction outcome. Conversely, the ATRA reaction 
catalysed by MSN-AP-PTH showed a linear relationship between hy
drophobicity (logP) and the yield of product 2 (Fig. 8a). As well, there is 
a correlation between the solubility of alkene 1 (logS) and the reaction 
yield (Fig. 8b). Finally, the size of the alkene 1 seems to have no influ
ence in the reaction yield (Fig. 8c). These results evidence that the hy
drophobicity of the alkene is the main factor influencing the 
photocatalytic performance of MSN-AP-PTH. Thus, the less hydropho
bic the molecule (lower logP), the higher is their reaction yield towards 
the ATRA reaction catalysed by MSN-AP-PTH. 

Finally, the robustness and recyclability of MSN-AP-PTH was 
assessed in the ATRA reaction between 2 and 1a. For this purpose, when 
the reaction reached full conversion, the catalyst was separated from the 
reaction mixture by centrifugation, washed and dried. Then, MSN-AP- 
PTH was submitted to a new catalytic cycle by adding a fresh set of 
reagents and solvent. Following such a recycling sequence, MSN-AP- 
PTH was able to maintain the catalytic activity across 4 runs (Fig. 9), 
demonstrating the recyclability of the catalyst. In addition, the potential 
for catalyst leaching was evaluated through hot filtration of the reaction 
mixture. Thus, after a certain conversion level the reaction mixture was 

filtrated for removal of the catalyst and the reaction mixture was 
allowed to proceed for an additional time. Following this procedure, we 
performed the filtration at 80 % conversion level. After the removal of 
the catalyst, the ATRA reaction was stopped, suggesting that there are no 
soluble catalytic species present in the reaction medium and that only 
the anchored PTH catalyst is responsible for the catalytic activity 
observed in the material. Finally, the recovered photocatalyst MSN-AP- 
PTH was characterized by elemental analysis and IR (see Figure S3 and 
Table S2, S.I.). Both techniques showed that the chemical integrity of the 
material was preserved after the catalytic run. Furthermore, the main
tenance of the morphology of the material after the reaction was 
confirmed by SEM (see Figure S3, S.I.). The results of these experiments 
demonstrated the excellent stability and recyclability of the MSN-AP- 
PTH photocatalyst in the reaction under investigation. 

4. Conclusions 

In this work, we described the evaluation of two photocatalyst ma
terials, MSN-AP-PTH and SBA-15-AP-PTH, for the ATRA reaction of 
alkenes. The catalytic activity of MSN-AP-PTH was found to be superior 
to that of SBA-15-AP-PTH under the same reaction conditions and 
catalyst loading. The higher photocatalytic performance of PTH within 
MSN silica compared to SBA-15 may be attributed to the smaller 
confined space provided by MSN silica and its better photophysical 
properties, namely a higher absorption at 420 nm and longer-lived 
excited state in the microsecond regime under the degassed conditions 
used in photocatalysis. This confined space favours the interaction be
tween reactants, leading to increased reaction yields. We have also 
studied the ATRA reaction using different alkenes with various sub
stituents at the alcohol moiety. The reactivity and yields varied 
depending on the substrate. It was observed that the hydrophobicity of 
the alkene played a significant role in the photocatalytic performance of 
MSN-AP-PTH. Thus, the use of less hydrophobic alkenes led to higher 
reaction yields. In addition, the recyclability and stability of MSN-AP- 
PTH catalyst were demonstrated. The catalyst maintained its activity 
during four reaction cycles, and there was no evidence of catalyst 
leaching or degradation. 
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[15] D. González-Muñoz, A. Casado-Sánchez, I. del Hierro, S. Gómez-Ruiz, S. Cabrera, 
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