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Abstract

The cobalt bis(dicarbollide) complex, Na[3,3’-Co(n’-1,2-C2BoH;1) (Na[1]) is an effective photoredox
catalyst for alkene oxidation to epoxides in water. Advantageous features of Na[1] include its lack of
photoluminescence, high solubility and surfactant behavior in aqueous media, as well as the donor
ability of the carborane ligand and high oxidizing power of the Co*”** couple.

These features differentiate it from the well-known and widely used photosensitizer tris (2,2'-
bipyridine) ruthenium(II) ([Ru(bpy)s]*"), which also participates in electron transfer through an outer
sphere mechanism. A comparison of the catalytic performance of [Ru(bpy);]** with Na[1] for alkene
photo-oxidation is fully in favor of 1, as the former shows very low or null efficiency.

With a catalyst load of 0,1 mol % conversions between 65-97% have been obtained in short reaction
times, 15 minutes, with moderate selectivity for the corresponding epoxide, due to the formation
of side products as diols. But when the catalyst load is reduced to 0.01 mol %, the selectivity for
the corresponding epoxide increased considerably, being the only compound formed after 15
minutes of reaction (selectivity >99%). High TON values have been obtained (TON=8500) for the
epoxidation of aromatic and aliphatic alkenes in water. We have verified that Na[3,3’-Co(n’-1,2-
C:BoH11)2], acts as a photocatalyst in both the epoxidation of alkenes and in their hydroxylation in
aqueous medium with a higher rate for epoxidation than for hydroxylation.

Preliminary photooxidation tests using methyl oleate as substrate, led to the selective epoxidation of
the double bond. These results represent a promising starting point for the development of practical
methods for the processing of unsaturated fatty acids, such as the valorisation of animal fat waste by
using this sustainable photoredox catalyst.

KEYWORDS: photoredox catalysis, surfactant behavior, water medium, alkene oxidation,
metallacarborane
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1. Introduction

Our century is characterized by an exponential growth in energy consumption based on fossil fuels,
which have a significant environmental impact causing climate change, which threatens the questioning
the sustainability of human development.! Environmentally friendly methodologies which take
advantage of renewable energy sources are thus needed to reduce emission of polluting gases, reduce
waste generation, and increase energy efficiency. Photoredox catalysis® is emerging as an excellent and
promising alternative in chemical synthesis, because it provides a direct means of accessing the
chemistry of reactive intermediates that often cannot be easily generated using other non-photochemical
strategies, and because it does so using clean energy sources, such as sunlight. Light combined with
water, are alternative energy sources for the development of non-fossil fuels, as well as other processes.

Olefin epoxidation has received considerable interest from both academics and industry. Epoxides
constitute an important and versatile class of intermediates and building blocks to obtain more
elaborated chemical products both in organic synthesis and in industrial production of bulk and fine
chemicals.>* Epoxides can be transformed into a variety of functionalized products. For example
reductions, rearrangements or ring-opening reactions with various nucleophiles give diols,
aminoalcohols, allylic alcohols, ketones, etc.’® Starting from alkenes four general methods are
available: the Jacobsen-Katsuki epoxidation that uses a Mn-salen catalyst and NaOCl or variations of
these,”!? the Prilezhaev reaction uses commercially available m-CPBA,'!""?the Sharpless epoxidation
that uses fert-butyl hydroperoxide and is catalyzed by Ti(OiPr)s,'*!'* and the Shi epoxidation that uses
oxone and a ketone as a catalyst to generate dioxirane.!>! Most of these processes have been studied
by chemical catalysis in organic media by some of us.!”!8!° A common characteristic is that all these
reactions are carried out in organic solvents. On the other hand, the products derived from oils and fats
(oleochemicals) represent one of the cheapest and readily available sources of potential feedstock for
replacing petroleum-derived products and for the chemical industry. Moreover, the enormous amounts
of fat waste generated, need to be treated or recycled to give them some added value, since this waste
contribute to environmental contamination with high economic cost to the industry. One of the main
applications of the animal fat by-products is the production of biodiesel through transesterification
reactions. However, other functional compounds such as lubricants, plasticizers, polymer stabilizers
and other olefinic compounds can be obtained through oxidation processes. Recently, the epoxidation
reaction of oils, has been catalyzed by metallic complexes such as manganese,” ruthenium?' or
peroxopolyoxometalates (PPOMSs),” under mild conditions using hydrogen peroxide as a green
oxidant.

Currently, photochemical systems studied for the oxidation of substrates involve a
photocatalyst®® or a photocatalyst combined with a transition metal catalyst based on polypyridyl
compounds.?*23:2627.282[n these, one compound acts as the light-harvesting antenna and the
second metal complex is used as catalyst to activate a water molecule or an organic substrate by
a proton coupled electron transfer mechanism (PCET). However, few examples of photochemical
epoxidation of alkenes have been carried out with earth abundant metals.’**¥' Recently there are
scattered examples in which these oxidations are performed using only a photocatalyst such
asmethylene blue* or Ru(bpy);Cl,.** For the methylene blue example, 2.5% mol % of catalyst, 2 eq of
K>S,05, 2 eq of K»,COj3 and water as a solvent under illumination were utilized. This is the case most
similar to our experiments, although in our case we use 0.01% catalyst (250 times less), and 1.3 eqs of
K>S,05 and at pH=7. Althoughit is hard to compare epoxidation (in our case) with epoxyacylation
(methylene blue) the time required (15 min, our case, vs 12 h) may be indicative of the relative speed
of these catalysts.

Metallacarborane complexes have been tested as catalysts in different synthetic processes such as:
hydrogenation, hydroformylation, hydrosilylation, carbonylation, amination, alkylation and
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sulfonylation, Kharasch reaction, polymerization and ring-opening metathesis polymerization, among
others 34333637.38.39.4041.82834485Manganese  and  cobalt  compounds all  containing  the
carboranylcarboxylate ligand, [1-CH;3-2-CO»-1,2-closo-C:B10H10]", have been tested in the epoxidation
of aliphatic and aromatic alkenes using peracetic acid as oxidant.*® The catalytic results highlight the
role of the carboranylcarboxylate ligand in the selectivity of the processes; it was found that
coordination of the carboranylcarboxylate ligand to the metal ions is key to their catalytic performance.
On the other hand, it is well known that some boron clusters interact with light*’#%4° and that
they have been studied as catalysts in different processes. The most well-known
metallacarborane is the anionic cobaltabis(dicarbollide)™ that can be synthesized in high yield
by a fast and environmentally-friendly solid state reaction.’'The cobaltabis(dicarbollide)
sandwich compound Na[Co(1,2-C,BoH11)2], Na[1], is a particular boron cluster that has many
possibilities to form hydrogen bonds, e.g. Cc-H---O or C.-H---X (X= halogen) as well as
dihydrogen bonding C.-H---H-B and B-H---H-N (C stands for the cluster carbon atoms).325%3
Compound Na|[1] is highly stable in water, but even at low concentration it forms aggregates (vesicles
and micelles).” %57 Dihydrogen interactions participate in the self-assembling formation.>” These
supramolecular interactions appear to be significant in electron transfer processes and therefore
in the performance and efficiency of photocatalytic systems.

Recently, we have shown that Na[1], and its chloro derivatives, act both as catalyst and photosensitizer,
being highly efficient in the photooxidation of alcohols in water, through single electron transfer
processes (SET),*® and via proton-coupled electron transfer (PCET).> High performance of Na[1] in
the photooxidation of alcohols is observed, using catalyst load to 0.01 mol % and reaching TON=
10000, in some cases. We have also supported the metallabis(dicarbollide) catalyst on silica-coated
magnetite nanoparticles.®® This system has proven to be a green and sustainable heterogeneous catalytic
system, highly efficient and easily reusable for the photooxidation of alcohols in water.

Given the characteristics and the demonstrated high activity performance of these systems,
[Co(C2BoHi11)2] could be a photoredox catalytic system for the oxidation of alkenes in water. We
envisage that its absence of fluorescence, surfactant behavior and water solubility, along with its
high oxidizing power (Co™") could lead to an efficient system for the photoxidation of alkenes, and
consequently to a sustainable and green photocatalysis.

Herein we report the photo-oxidation of alkenes catalysed by Na[1] in water using peroxysulfate as a
sacrificial acceptor. Moreover, we establish a comparison between Na[ 1] and conventional photoredox
catalyst, Ru(bpy);** widely studied in the literature.t!:6262

a b

coll

Figure 1. Drawing of the a) metallabis(dicarbollide) used in this work, [Co(C2B9H11)2], [1]". The pink circles
indicate B-H units; b) tris(2,2’-bipyridyl)ruthemium(II), [Ru(bpy)s]**.
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2. Results and discussion
2. 1. Photocatalytic alkene oxidations

The water soluble Na|[1] was prepared by cationic exchange resin from the water insoluble Cs[1]
as described in the literature.**

The first photocatalytic alkene oxidation experiments using Na[l] as catalyst were all performed
by exposing the reaction quartz vials to UV irradiation (2.2 W, A ~300 nm, 12 lamps in the walls
of a box), at room temperature and atmospheric pressure, and using styrene as substrate; this was
the reference compound used to find the optimal reaction conditions. The samples were made of 5
mL of water (0.4 pM in K,CO3 pH=7) with a mixture of Na[1] (0.02 mM), styrene (20 mM) and
Na,S,05 (26 mM) as oxidizing agent, ratios 1:1000:1300. Then, different reaction times were tested
to assess the conversion and yields as a function of time. Following irradiation for a specified
time, see Figure S1, the reaction products were extracted with dichloromethane six times, dried
with Na,SO4 and quantified by means of GC-MS analysis. As can be observed in Figure S1, after
30 minutes of reaction practically all the styrene was converted, and different products of oxidation
were obtained, in function of the reaction time. The evolution of yields with the reaction time and
the evolution of the molar fractions of the styrene together with those of the oxidation products are
displayed in Figure 2 a, b. Figure 2a shows that after 5 minutes of reaction the amount of epoxide
obtained is greater (37%) with respect to the other generated products (diol, benzaldehyde and
benzoic acid); however, after 15 minutes, the amount of diol increases (35% diol vs 27% epoxide)
and finally after 30 minutes the amount of epoxide is maintained whereas the diol increases (50%
diol vs 25% epoxide). Throughout this time, benzaldehyde and benzoic acid have been formed but
in less proportion. Moreover, as is shown in Figure 2, increased reaction time is accompanied by
a decrease in yield and selectivity values for epoxide formation. Therefore, we have chosen 15
minutes as the time to perform the catalytic experiments, though in some cases, we have also
studied the performance of the catalyst after 30 minutes of reaction.

Blank experiments after 30 minutes of reaction, in the absence of catalyst, light or oxidizing agent,
showed that no significant conversion of styrene occurred.

The effect of pH on the photocatalytic oxidation of styrene has also been examined. Figure S2
shows that the optimal TON value for the epoxidation of styrene to styrene oxide after 15 minutes
of reaction is obtained at pH=7 (TON=270) since this value decreases at lower (pH=5, TON=200)
and higher (pH=8, TON=250 and pH=10, TON=180) values of pH. The lower value observed at
pH=5, probably is due to the easy epoxy ring opening in acidic medium.®
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Figure 2. Plot of a) yield and b) molar fractions (Xwm) versus time for the photoredox catalysis of styrene. Blue:
styrene oxide; red: 1-phenyl-1,2-ethanediol; green: benzaldehyde; brown: benzoic acid; orange: styrene.
Conditions: Na[3,3’-Co(1,2-C2BoH1).] (0.02 mM), styrene (20 mM), Na,S,0z (26 mM), 5 ml K,COs3 solution at

pH=7, light irradiation (2.2 W, A ~300 nm).
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Table 1. Photooxidation tests performed with Na[1] complex.

Entry substrate Conv.% product TON Selectivity %
78l 3700 47
80L! 270! 34
96ld 250 26
85k 440b) 52
91ld 200!l 22
O 661! O 390(! 44
’ O b . 2901 41
92[b] 750(97%,cis)! 82
2990 330(48%,cis)lc! 33
91[b] 4700] 47
>991d] 380! 42
g7l 700Lb] 72
>99lc] 370 37

o
[o]
o
o)
(o]
o
810! 0 5801t 72
990 W 160 16

Conditions: Na[1] (0.02 mM), substrate (20 mM), Na,S,0s (26 mM), 5 mL potassium carbonate solution at pH=7.
Ratio 1:1000:1300: * 5 min of reaction [ 15 min of reaction. [ 30 min of reaction.

<9

£ QO Y
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2. 2. Photocatalytic oxidations using catalyst load of 0,1 mol %.

Once the catalytic conditions were optimized, we moved on to study the photocatalytic oxidation
of other alkenes using Na[1] as photoredox catalyst. Table 1 and Table S1 display the performance
of the photocatalyst after 5, 15 and 30 minutes of reaction. In general it can be observed that high
conversion values were achieved after 15 minutes of reaction with, in many cases, ttotal conversion
after 30 minutes. However, moderate epoxide selectivity decreases whith reaction time, along
with the TON values. This happens simultaneously with an increase in the amount of the
corresponding diol for most of the substrates studied (see Table S1).

The photoepoxidation of trans-B-methylstyrene (entry 2), trans-stilbene (entry 3) and cis-p-
methylstyrene (entry 4), led to the formation of the corresponding isomer without isomerization in
the first 15 minutes; however in the case of cis-B-methylstyrene, the stereoselectivity towards the
formation of the cis-epoxide isomer decreases, up to half, after 30 minutes of reaction. This could
be due to formation of a more long-lived free radical from the substrate that leads to rotacion of
the C-C bond during the oxygen-transfer process, and consequently to the isomerization of cis to
trans isomer.®

For the aromatic alkenes, conversion is enhanced by the presence of electron-donating substituents
on the double bond (entry 2 and 4) but decrease in the presence of electron withdrawing
substituents (entry 3).

Oxidation of aliphatic alkenes has also been tested, with linear 1-octene (entry 7) slightly less
efficient than cyclooctene (entry 5) and 4-vinyl-1-cyclohexene (entry 6). The photooxidation of
this last substrate, occurs on the external double bond, indicatingthat this reaction is regiospecific.

On the other hand, the highly studied octahedral tris(2,2'-bipyridine)ruthenium(IT) ([Ru(bpy)s]*"),!
participates in electron transfer through an outer sphere mechanism, with no major structural
modification occurring upon ET. To the best our knowledge this compound has never been studied as
photocatalyst for the epoxidation of alkenes in water medium. Then for the purpose of comparison, we
also studied the performance of this compound in the photoredox oxidation of frans-stilbene, cis-3-
methylstyrene, cyclooctene and 1-octene, under the conditions described in Table 1 and after 30 minutes
of reaction (see Table S3). As can be observed in Table S3, epoxide products were only observed after
30 minutes foractivated frans-stilbene (10%) and cis-B-methylstyrene (3 %). No reaction occurred with
thealiphatic alkenes. Based on these results, we can conclude that, unlike the photosensitizer
[Ru(bpy)s]**, the cobalt based Na[1], acts both as an efficient photosensitizer and a redox catalyst for
the epoxidation of alkenes in water.

It is important to remark that just after irradiation and before extraction, upon addition of
[MesN]Cl to the solution, the [MesN][Co(C2BoH11)2] catalyst precipitates. This was filtered. The
material produced from various catalytic processes was solubilized in acetonitrile and upon
addition of water, the solution is passed to a cationic exchange resin loaded with Na™ to generate
again the Na[1], which purity was proven either by 'H- and '"B-NMR spectra and by MALDI-
TOF_MS. Once confirmed the stability of the catalyst after its recovery we confirmed that its
catalytic activity remained. This recovered catalyst was tested for a second catalytic reaction using
trans-B-methylstyrene, producing 80% of the epoxide, similar value to the observed in the first
catalysis.

Based on the above results, we have proposed a mechanism, displayed in the Figure 3, for the
photoepoxidation of alkenes carried out by Na[1]. In the mechanism, the absorption of light by the
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photoredox catalyst [Co'(C,BoHi)2] in the presence of water and S,Os> (oxidizing agent) generates
the oxidized [Co™(C2BoH11)>] compound together with hydroxyl radical (OH-), protons (H") and sulfate
anion (SO4%). The subsequentoxidation of the alkene by [Co'V(C,BoH;1),] and the addition of hydroxyl
radical (OH*) to the double bond, lead to the formation of the corresponding epoxide.

hv
/\ ~ _

b $,04" +

s U
9

O/Q N
o

Overall reaction

X -

Figure 3. Proposed mechanism for the alkene epoxidation in water, with Na[1] as photoredox catalyst upon
UV light irradiation.

OH +H'+280,%

4
&

Earlier we indicated that the selectivity towards the epoxide decreased with reaction time. The
study of the graphs shown in Figure 2 reflects that when the epoxide decreases, the diol increases,
which proves that this is a consequence of the evolution of the epoxide in aqueous media. It should
be noted that ring opening of epoxides is a promising process to produce 1,2-diols, an important
functional group to produce surfactants, pharmaceuticals or their intermediates. 43¢

It is known that in an aqueous medium an opening of the epoxide ring occurs, but in our case, we
wanted to know if this opening was due solely to water or if Na[l] catalysed the process. Then
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different experiments were performed by exposing the sealed reaction quartz vials to UV irradiation
(2.2 W, A 300 nm, 12 lamps), at room temperature and atmospheric pressure, for 15 and 30 minutes,
using three different epoxides, 1,2-epoxyoctane, styrene oxide and trans-stilbene oxide.

The samples were made of 5 mL of water (K.CO; pH=7) with a mixture of Na[l] (0.02 mM),
epoxide (20 mM) and Na,S,0s (26mM) as oxidizing agent, following irradiation for a specified
time, see Table S2. Previously, a set of different blank experiments were run at 15 and 30 minutes.
These results show that formation of the corresponding diols in water takes place if the
photocatalyst is present, since their absence in the reaction medium caused a low or nonexistent
yield of diols in the short times of reaction that we have studied. Therefore, we can conclude that
Na[l] acts as a photocatalyst in both processes, in the epoxidation of alkenes and in their
hydroxylation in aqueous medium.

2. 3. Photocatalytic oxidations under lower catalyst load.

As described in previous work, [1] performs as a surfactant and at concentrations between 103-10M,
vesicles, free molecules, and micelles coexist, but at lower concentrations the ratio of molecules is
higher.®*%° Based on the non-parallel conversion of substrate vs the amount of catalyst observed in the
oxidation of alcohols,”® we assumed that free molecules were more efficient, in terms of catalytic
activity, than vesicles or micelles and we wanted to know if this also occurred in the photooxidation
reaction of alkenes. Therefore, we kept the concentrations of substrate and oxidizing agents constant
and reduced the catalyst load to 0.01 mol % vs the original 0.1 mol%, corresponding to ratios of
1:10000:16000 of catalyst: substrate:oxidizing agent. The corresponding results are displayed in Table
2. We can observe that the conversion values were remarkable, higher than 90% in most cases, after 30
minutes of reaction, with high TON in the photoepoxidation of alkenes, that to the best of our knowledge
corresponds to one of the highest turnover numbers achieved in alkene photoredox oxidation in
homogeneous conditions. It is worth noting that in most of the substrates studied with the exception of
styrene, the selectivity for the corresponding epoxide is > 99% after 15 minutes of reaction. This value
decreases after 30 minutes for four of the tested substrates, due to the increase in the amount of the
corresponding diol. For styrene, we also observed aldehyde and carboxylic acid formation.

Under these conditions of reaction, we have done a preliminary photooxidation test using methyl oleate,
the ester of oleic acid, as substrate (see Scheme 1). Natural fats and oils are known to be a valuable
source of saturated and unsaturated hydrocarbons for the chemical industry. In many cases, their
successful application as renewable raw materials depends on the efficiency of oxidative transformation
of their alkyl chain. It was found that after 60 minutes of reaction and after the organic phase was
analysed by HPLC/ESI-MS, the oxidation took place exclusively on the double bond C=C, detecting
the presence of epoxide (see Figure S3). These preliminary studies show the high potential of this
compound as photocatalyst to produce high added value products from animal fats.
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Table 2. Photooxidation tests performed with Na[1] complex in very low catalyst loading conditions.

Entry substrate Conv.% product TON  Selectivity%

1 — 68l2] A 3600 L 53
Qﬁ 98[b] Q/A 2000 (] 20

[o]
~ 85l 850012l 99
2 93bl 9300! 299
3 ~ O 750 ? O 75000 299
O 950l O 64001 75

o
78] 78002 >99
5 9olb! 3900b! 43
N 8512l ? 85000! 299
6 5 2990 s 50001 50

Conditions: Na[1] (0.002 mM), substrate (20 mM), Na»S,0s (26 mM), 5 mL potassium carbonate solution
at pH=7. Ratio 1:10000:13000: * 15 min of reaction. ! 30 min of reaction.

o) (o] (o)

W PO mer Na[l] W
6 5 OCH,3 > 6 5 OCH,4

Water/K ,CO5 pH=7

Schemel. Oxidation of methyl oleate by Na[1]
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3. Conclusions

It has been demonstrated that the water soluble cobalt bis(dicarbollide), Na[l], is an efficient
photoredox catalyst for the epoxidation of aromatic and aliphatic alkenes in water, requiring short
reaction times (15-30 min), operating through single electron transfer processes (SET). This compound
acts both as a catalyst and a photosensitizer. It is concluded that this behaviour is possible thanks to the
properties of Na[1], as their high solubility in water, its molecular compactness, the donor ability of the
boron unit ligand, their lack of photoluminescence, the high oxidizing power for the couple Co*"** and
probably extremely relevant, their surfactant behaviour in aqueous media. These characteristics make
the difference with the well-known and widely used photosensitizer tris (2,2'-bipyridine) ruthenium(II)
([Ru(bpy)s]*"), which also participates in electron transfer through an outer sphere mechanism. We have
compared the [Ru(bpy);]*"performance in the photo oxidation of alkenes in water following the
procedures described earlier for Na[l], and the comparative epoxidation tests have been strongly
supportive of Na[1], showing for [Ru(bpy);]*" a very low or null efficiency.

The catalyst can be recovered easily by precipitation upon the addition of [NMe4]Cl, and re-
utilized. In general, under catalyst loads of 0,1 mol % high conversion values can be found with
only 15 minutes of reaction, being in most of the cases the conversion total after 30 minutes. The
major product after 15 minutes is the epoxide that gradually upon reaction with water converts into
the dihydroxide. This reaction prevents a high throughput of the epoxide. This is in agreement with
the increase in the amount of the corresponding diol for most of the substrates studied. We have
also proven that Na[l], acts as a photocatalyst/catalyst in both processes, in the epoxidation of
alkenes and in their hydroxylation in aqueous medium. The question was whether the catalyst was
faster for epoxidation than for hydroxylation. If this was the case it would enable the epoxide ratio
to be improved in a short time reaction operation. And indeed it was so.

When Na[1] was added in a very low ratio 0,01%, it was observed an extremely good performance for
the epoxidation of alkenes in short times of reaction, with less ratio of the diol, proving our hypothesis.

We have taken advantage of the surfactant capacity of [1] to treat in water highly water insoluble
molecules such as methyl oleate. Thus, preliminary photooxidation tests using methyl oleate as
substrate have shown the selective epoxidation on the double bond C=C. This can represent a milestone
towards the development of practical processes as the valorization of animal fat waste using Na[1], as
to promote circular economy. Perhaps the combination of both surfactant and high photoredox
capacities are the prime concepts that make this metallacarborane [1] catalyst highly innovative.

4. Experimental

4. 1. Materials and methods

All reagents used in the present work were obtained from Aldrich Chemical Co and were used without
further purification. Reagent grade organic solvents were obtained from SDS and high purity de-ionized
water was obtained by passing distilled water through a nano-pure Mili-Q water purification system.
Na[Co(n’-1,2-C.BoH;1)2], Na[l1] was synthesized from commercial Cs[Co(1,2-C2BsHi1)2], Cs[1],
(Katchem Spol.sr.0), following a method described in the literature.®

4. 2. Gas chromatography studies
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Gas chromatography was performed with a GC-2010 gas chromatograph from Shimadzu, equipped
with as Astec CHIRALDEX G-TA column, 30 m x 0.25 mm (i.d); FID detector, 250 °C; carrier gas:
He, rate: 1.57 mL min!. The quantification was achieved from calibration curves. All the products and
their corresponding substrates of catalysis were detected under the following conditions. Styrene and
derivatives: column temperature, 80°C for 5 minutes, raising to 170°C in a rate of 10°C/min, holding
170°C for 6 minutes. Trans-B-methyl-styrene, cis-B-methyl-styrene, cis-cyclooctene and derivatives:
column temperature, 40°C for 5 minutes, raising to 170°C in a rate of 5°C/min, holding 170°C for 2
minutes. 4-vinyl-1-cyclohexene and derivatives: column temperature, 40°C for 5 minutes, raising to
170°C in a rate of 10°C/min, holding 170°C for 2 minutes. 1-octene and derivatives: column
temperature, 30°C for 5 minutes, raising to 170°C in a rate of 10°C/min, holding 170°C for 3 minutes.
Trans-stilbene and derivatives: column temperature, 50°C for 1 minutes, raising to 150°C in a rate of
15°C/min, holding 150°C for 2 minutes, then raising to 170°C in a rate of 4°C/min, holding 170°C for
12 minutes. The products analyses in the catalytic experiments were performed by GC with biphenyl
as internal Standard.

4. 3. HPLC/ESI-MS chromatography studies

An Agilent LC 1200 series HPLC system equipped with a UV-Vis detector was used to analyze
samples. Separation of products was achieved on an Eclipse XDB-C18 column (150x4.6 nm,Sum) from
Agilent Technologies. The column was thermostatically controlled at 25°C. The flow rate was set to 1
mL/min, and the injection volume was 100 pL. The mobile phase consisted of two solvents: methanol
(A, 100%) and Milli-Q water (B,100%). The system worked in isocratic mode and the volume ratios
was as follows: 85% A, 15% B. The ultraviolet (UV) absorbance values of the peaks were collected at
242 nm. An lon Trap mass spectrometer (Bruker Squire 6000 system from Agilent Technologies)
equipped with an Orthogonal electrospray ionization (ESI) source was used to identify the derivatives.
Positive mode was selected for data collection. The products were qualitatively identified according
mass spectra peaks and matching with mass spectra with the software Bruker Compass DataAnalysis
4.0.

4. 4. Photocatalytic oxidation studies

A quartz tube containing an aqueous solution (5 mL) at pH 7 (0.4 uM in K>COs) with Na|l] or
[Ru(bpy)s]Cl; as catalyst, alkene as substrate, and Na»S>Os as sacrificial acceptor was exposed to UV
light (2.2 W, A=300 nm for different times. The complex: substrate: sacrificial oxidant ratios used were
varied according to the study, (1:1000:1300 and 1:10000:13000 corresponding to concentrations of
0.02: 20: 26 mM and 0.002: 20: 26 mM, respectively). For each experiment, a light reactor supplied
light illumination with twelve lamps that produce UVA light at room temperature. The resulting
solutions were extracted with CH,Cl, six times. (We focused our attention on the synthetic/catalytic
process that was environmentally friendly and not so much on using an analytical method that met the
requirements. We tried ethyl ether but did not observe a clear phase separation, so we turned to DCM,
which facilitated the extraction). The solution was dried with anhydrous sodium sulfate and the solvent
was reduced to a minimum volume under reduced pressure, then 100 pL of biphenyl 100 mM as internal
standard was added to the resulting solution, 2mM in the resulting 5 mL solution. To check the
reproducibility of the reactions all the experiments were carried by triplicate and analyzed by gas
chromatography.

For methyl oleate: a quartz tube containing an aqueous solution (5 mL) at pH 7 (0.4 uM in K>COs3) with
Na[l] was sonicated for 10 min. The complex: substrate: sacrificial oxidant ratios used were,
1:10000:13000 corresponding to concentrations of 0.002: 20: 26 mM, respectively. The samples were
exposed to UVA light at room temperature during 60 min and the resulting solutions were extracted
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with CH,Cl, six times. This solution was dried with anhydrous sodium sulfate and the solvent was
reduced to 2 ml. The organic phase was analized by HPLC/ESI-MS.
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