W) Check for updates

ChemistryEurope

Excellence in Chemistry Research Worldwide

Research Article
doi.org/10.1002/ceur.202300020

'

www.journal.chemistry-europe.org

Porphyrins Anchored onto Colour Catcher®: Photoactive
Material for the Conversion of Amines into Imines and
Aldehydes into Carboxylic Acids

Caterina Damiano,” Matteo Cavalleri,® Corrado di Natale’,” Roberto Paolesse,” and

Emma Gallo*™

A new photoactive material was obtained by the heterogeniza-
tion of zinc(ll) porphyrin onto cellulose-based Colour Catcher®
sheet. The so-obtained Zn(porphyrin)@CC material performed
very well in activating molecular oxygen in the photooxidative
coupling of amines to imines and the photooxidation of
aldehydes to corresponding acids in the presence of white light.

Introduction

Light is the main source of energy for all living organisms and it
is the greenest and most renewable resource on our planet. In
the endless war against the global energy crisis," which
requires the development of efficient technologies for the fossil
fuels-free conversion of energy, sunlight represents our best
ally thanks to being inexpensive, abundant and inexhaustible.
However, sunlight is not only a clean energy source®™ but also
it is a precious tool to favor chemical transformations. Thinking
about Nature, sunlight can be considered one of the catalysts
of life in view of its crucial role in the activation of essential
chemical processes, such as photosynthesis.”

Taking into account this natural model, many scientific
efforts have been devoted in developing photochemical
processes capable to exploit light to promote greener chemical
transformations”™® by using homogenous and heterogeneous
photocatalytic systems. The latter, which include both molec-
ular catalysts and semi-conductive materials, have been widely
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The high eco-compatibility of the solid support, the chemical
stability of the photoactive material and the mild experimental
conditions applied confer a very good sustainability to the
procedure and open the doors to a larger employment of
Colour Catcher®-based porphyrin material in reactions mediated
by light.

10-13] [14-16]

exploited in medicine,
and organic synthesis.®'72"

The applications mentioned above are strictly related to the
nature and the action mode of the employed photocatalysts,
which can be classified as photoredox catalysts or photo-
sensitizers (PSs). Photoredox catalysts, opportunely irradiated
by light, exploit a single electron transfer (SET) mechanism that
allows the exchange of electrons between the catalyst and the
substrate through oxidative or reductive processes. Conversely,
photosensitizers act by an energy transfer (ET) mechanism in
which, after the irradiation, the excited state of the PS transfers
the energy to a substrate (that cannot adsorb the light) making
it reactive towards other reagents. Among all the developed
photoredox catalysts and PSs, porphyrin macrocycles represent
one of the most interesting classes of molecules that can be
suitably modified to act both by SET or ET mechanism. In fact,
thanks to their peculiar photophysical and electronic properties,
porphyrin-based systems have been extensively employed as
PSs in photodynamic therapy (PDT)®*'-*¥ and photocatalysts in
aerobic organic transformations.” In addition, the possibility to
fine-tune the porphyrin properties by appropriate structural
modifications makes them able to absorb light in all the UV-
visible spectral range, including visible light.

For these reasons, scientific research is trying to further
develop porphyrin-based photocatalytic systems especially to
solve some typical drawbacks of photocatalysis, such as: i) the
high cost and possible toxicity of the employed photocatalysts;
ii) the low photocatalytic activity, particularly under visible or
solar illumination and iii) the difficult handling and separation
of the photocatalysts when employed under homogenous
conditions.

To solve these issues, heterogenization strategies could
be a valuable solution through the anchoring, by covalent
bonding or non-covalent interactions, active photocatalysts on
suitable solid supports aiming to merge the high activity and
selectivity of single-site catalysts with the easy recovery and
recyclability of the heterogeneous ones. Several solid supports

environmental management,

[26-28]
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have been tested for the heterogenization procedures and
more importance has been given to naturally derived ones,”
which, thanks to their abundance and low environmental
impact, allow the development of cheaper heterogenized
catalytic systems by preserving the intrinsic eco-compatibility of
photocatalyzed reactions.

In this view, we recently reported the heterogenization of a
porphyrin-based chemosensor for detecting mercury ions®® on
the commercially available Colour Catcher®, a naturally derived
dye-trapping sheet commonly employed during the laundry to
adsorb the colors released from clothing. The simple anchoring
procedure of the active molecule and the high stability of the
obtained heterogenized porphyrin makes the Colour Catcher®
an attractive solid support also for anchoring porphyrin-based
photocatalytic systems.

Thus, here we propose a low-cost heterogenized photo-
active material, consisting of an opportunely functionalized zinc
porphyrin bounded on Colour Catcher® sheet, which is capable
of efficiently promoting the sustainable photooxidative cou-
pling of amines and the photooxidation of aldehydes by
activating molecular oxygen under white light.

Results and Discussion

Synthesis of the solid-supported Zn(4)@CC

Colour Catcher® sheets are made of ultra-absorbent naturally-
derived fibres having positively charged groups on the surface
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that during the wash electrostatically trap the negatively
charged dyes released by tissues.®" This action mode requires
the introduction of anionic groups onto the porphyrin periph-
ery to bind the macrocycle onto the Colour Catcher® surface by
ionic interactions. In addition, the insertion of a central metal,
such as zinc(ll),*** and the presence of halogen atoms®* in the
porphyrin structure can enhance the photocatalytic activity of
porphyrin-based systems, especially to produce reactive oxygen
species (ROSs).”™ Bearing in mind these assumptions, we
synthesized a fluorinated zinc porphyrin, containing four
negatively charged linkers, by following the multi-steps syn-
thetic procedure shown in Scheme 1. As previously reported by
us,®® fluorinated aryl rings of meso-substituted porphyrins can
be easily functionalized through the nucleophilic substitution in
the para position of the pentafluorophenyl moiety. Thus,
F,,TPPH, (meso-tetrakis(pentafluorophenyl) porphyrin) was re-
fluxed with propargyl alcohol, in presence of KOH, to achieve in
90% vyield the desired tetra-substituted porphyrin 1 (step |,
Scheme 1), which showed four terminal propargyl functional-
ities useful to perform an azide/alkyne cycloaddition (click
reaction). To protect the porphyrin core from the undesired
metalation by copper, whose salts are commonly employed to
catalyze “click reactions”,*” porphyrin 1 was firstly reacted with
Zn(OAc),2H,0 (step I, Scheme 1) affording the metalated Zn(1)
in a quantitative yield. Then, the desired triazole spacers were
introduced by reacting Zn(1) with methyl-3-azide-propionate
(2), previously synthesized and purified, in the presence of
CuS0O,-5H,0 and sodium ascorbate (step Ill, Scheme 1) that
provided Zn(3) in 62 % vyield.

Fa

Zn(1)

Z”(OAC 2H20 F{ 100% yield
DCM, MeOH N\ Meo ¢
o A\
0 1))
H CuS045H,0
MeO N’N‘ sodium ascorbate
N 50°C

O  62%yield N’

Scheme 1. Multi-steps synthetic procedure adopted to synthesize the negatively charged Zn(4).
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The obtained Zn(3), which shows four terminals —COOMe
groups, was treated with KOH (2.0 M) to yield the anionic
carboxylate moieties (Scheme 1, path V) that are required for
the porphyrin anchorage onto the Colour Catcher® sheet. The
isolation of Zn(4) as a pure solid from the reaction mixture was
hampered by the amphiphilic nature of Zn(4), which was
responsible for the formation of a jellylike mixture when either
the reaction medium was evaporated to dryness or an apolar
solvent was added to favor the precipitation of the desired
compound. As a consequence, the recovered mixture contain-
ing Zn(4) was employed for the anchoring procedure without
further purifications. Conversely, porphyrins 1, Zn(1) and Zn(3)
were easily isolated and fully characterized by 'H, *C and 'F
NMR spectroscopies, UV-visible spectrophotometry, mass spec-
trometry and elemental analysis. Considering that acquired data
(see experimental) indicated the quantitative conversion of
Zn(3) into Zn(4), the adopted multi-steps strategy allowed the
synthesis of Zn(4) in 56 % of global yield and without applying
long and expensive purification procedures for all the steps
reported in Scheme 1.

At this point, the Zn(4)-containing solution was employed
to perform the simple heterogenization procedure reported in
Scheme 2. According to the operating mechanism of Colour
Catcher®, which exploits its function when it is dipped in a dye
solution, the direct immersion of Colour Catcher® sheets into
the Zn(4)-containing solution was adopted as the anchoring
strategy. However, the amount of porphyrin loaded onto the
solid support resulted strictly dependent on the porphyrin
concentration and the immersion time. In order to ensure the
anchorage reproducibility, 92 cm? of a Colour Catcher® sheet
was dipped into 50.0 mL of Zn(4) solution, with a fixed
concentration of 1.50x 107> M, for 24 h at room temperature in
order to maximize the amount of Zn(4) bonded onto the solid
surface. Then, the obtained Zn(4)@CC was dried and washed
with distilled water, THF and CH;CN to remove the porphyrin
excess and no substantial porphyrin leaching was observed
during the various washing steps. The amount of Zn(4) loaded
onto the solid support was calculated by UV-visible spectropho-
tometry by measuring the Zn(4) concentration before and after
the immersion of the sheet and collected data allowed
estimating an average value of anchored Zn(4) equal to
0.24 mg/cm?,

Colour Catcher®

Zn(4)@ccC

24 hours of
immersion at RT

Solution of Zn(4) Solution of Zn(4)

Scheme 2. Heterogenization procedure employed to obtain Zn(4)@CC.

ChemistryEurope 2023, e202300020 (3 of 9)

To verify the success of the heterogenization and the
porphyrin distribution onto the sheet, the obtained Zn(4)@CC
was characterized by UV-visible spectrophotometry, Scanning
Electron Microscopy (SEM) and Energy Dispersive X-Ray Analysis
(EDX). In view of the sensibility of each technique and the
spectroscopic properties of zinc porphyrins, three different
samples of Zn(4)@CC were prepared in order to achieve three
distinct loadings of Zn(4) on the solid surface (0.04 mg/cm?,
0.17 mg/cm? and 0.24 mg/cm?). Due to the high adsorption of
porphyrins in the UV-visible spectral range, only the most
diluted sample (Zn(4)@CC 0.04 mg/cm?) resulted suitable for
the UV-visible characterization. As reported in Figure 1a, the
solid-supported Zn(4)@CC preserved the typical spectral profile
of zinc porphyrins in solution by showing a distinguishing
adsorption band at 428 nm (Soret band) and one well resolved
Q band at 553 nm.

L)
—

428 nm

Absorbance

553 nm

| 100 pm 10 pm

Element [Weight%|Atomic% |

CK 49.29 56.45
OK 50.33 43.27
FK 0.38 0.28

100.00

\\\\\

)

[Element Weight% Atomic%
ck 5288 6021
ok 4343 713
FK 369 [2.66

[Totals  [100.00

Figure 1. Characterization of Zn(4)@CC: a) UV-visible spectrum of Zn(4)@CC
0.04 mg/cm?, b) SEM images of Zn(4)@CC 0.17 mg/cm? c¢) EDX analysis of
Zn(4)@CC 0.17 mg/cm? and d) EDX analysis of Zn(4)@CC 0.24 mg/cm?.
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According to our previous characterization of anionic
porphyrins anchored on the Colour Catcher® surface,*® both
adsorption bands of Zn(4)@CC were slightly red-shifted than
those observed for the Zn(4) porphyrin in solution, placed at
420 nm (Soret band) and 551 nm. These red-shifts, together
with the sharp profile of the Soret band of Zn(4)@CC,
suggested the absence of porphyrin aggregation onto the solid
surface. In addition, the dense and homogenous texture of
Zn(4)@CC was confirmed by SEM images (Figure 1b), acquired
for the Zn(4)@CC 0.17 mg/cm? sample, which highlighted the
applicability of Colour Catcher® as platform for the uniform
heterogenization of negatively charged porphyrin species.

Finally, the chemical composition of Zn(4)@CC was
achieved by performing EDX analysis on the two more
concentrated samples, 0.17 mg/cm? and 0.24 mg/cm?, whose
data are reported in Figures 1c and 1d, respectively.

Both EDX spectra revealed oxygen, carbon, and fluorine as
major elements on the solid surface according to the co-
presence of cellulose-based fibers and fluorinated porphyrins.
Comparing the two EDX analyses, the increasing percentages of
fluorine and carbon and the simultaneous decrease of oxygen,
observable in Figure 1d, confirmed the greater loading of zinc
porphyrin for unit of solid surface in the most concentrated
sample (Zn(4)@CC 0.24 mg/cm?).

The homogenous distribution of Zn(4) onto the Colour
Catcher® surface demonstrated the applicability of these
cellulose-based sheets as suitable supports for the heterogeni-
zation of homogenous species. In addition, the high availability
and the low-cost of this commercially available product make
its use in chemical fields an interesting approach to respond to
the increasing demand for economic, easy to handle and
recyclable systems.

Photooxidative coupling of amines promoted by Zn(4)@CC

In view of the well-known ability of porphyrin-based systems to
act as photocatalysts or photosensitizers, Zn(4)@CC was tested
as photoactive material in the conversion of amines into imines.
To combine the low-cost of the heterogenized Zn(4)@CC with
an energy saving, simple and reproducible process, we pointed
out our studies on the use of low consumption and easily
available light sources, such as the commercially available LED
strips that can be simply found in common electronics stores.

By employing 600 lumen white LEDs that simulate the
natural light (color temperature: 4000 K), we found that Zn(4)-
@CC can behave as an efficient photoactive material able to
promote the photooxidative coupling of amines under very
mild conditions.

Bearing in mind that the photooxidation of organic
substrates can take place through the formation of singlet
oxygen ('0,), the main ROS produced by porphyrin-based
photosensitizers, the study of the photooxidative coupling of
amines promoted by Zn(4)@CC was performed by employing
acetonitrile (CH;CN) as the solvent in order to ensure a longer
singlet oxygen lifetime.®® At this point, the role of the reaction
parameters (catalytic loading, reaction temperature and reac-

ChemistryEurope 2023, e202300020 (4 of 9)

tion time) was evaluated by using benzyl amine as the model
substrate (Table 1). In order to assess the role of Zn(4)@CC, the
model reaction was first irradiated in absence of photoactive
species for 4 or 6 h at 50°C under pure oxygen atmosphere
(99.95% O,) (entries 1-2, Table 1). Only traces of the desires
imine 5 were detected. Conversely, the addition of the sole
0.3% mol of Zn(4)@CC under the same experimental conditions
was responsible for the formation of 5 in 68% and 98 % yields
(entries 3-4, Table 1) after 4 and 6 h of irradiation, respectively.
It should be noted that the desired product 5 was obtained in a
quantitative yield also at room temperature (entry 5, Table 1)
after 6 h of irradiation. The decrease of the catalytic loading
from 0.3% to 0.15% mol provoked the slight decrease of the
reaction yield to 85% (entry 7, Table 1). The influence of the
oxygen concentration was also evaluated and the model
reaction was performed under air (~21% O,), both at room
temperature and 50°C. Unfortunately, the aerobic photooxida-
tive coupling yielded the desired imine 5 in lower yields
(entries 8-10, Table 1) with respect to those obtained under
oxygen atmosphere suggesting the importance of the oxygen
concentration in the production of ROSs. The above-described
optimization of the procedure highlighted that the photo-
oxidative coupling of amines can be efficiently carried out in
the presence of 0.3% mol of Zn(4)@CC by irradiating the
reaction mixture with white LEDs for 6 h at room temperature
under oxygen atmosphere. Even if 0.15% mol of Zn(4)@CC
showed good performances in the synthesis of 5, the subse-
quent study was performed by using 0.3% mol of Zn(4)@CC in
order to maximize the reaction productivity. The use of a more
concentrated heterogeneous catalyst is not a drawback due to
the good recyclability of the photoactive material, which can be
reused at least three consecutive times without any loss of
activity. The recycling test revealed a very good chemical
stability of the catalytic material. In fact, the desired compound
was formed in 99 % vyield in the first and second run and in 98 %
yield in the third one. Recorded data excluded degradation
processes of the photocatalyst during the oxidation reaction.

Table 1. Optimization of the reaction conditions for the photooxidative
coupling of benzyl amine by using Zn(4)@CC as photoactive material.”’

P
2 NH, _Zn#)@cC N +NHs + HyO,
O,, white LED 5
CH4CN

Entry  Zn(4)@CC loading  Atmosphere  T[°C]  t[h]  Yield™

[% mol] [%]
1 - 0, 50 4 -
2 - 0O, 50 6 traces
3 0.3 0, 50 4 68
4 0.3 0, 50 6 98
5 0.3 0, RT 6 100
6 0.15 0, 50 6 929
7 0.15 0, RT 6 85
8 0.3 Air 50 6 30
9 0.3 Air RT 6 19
10 0.15 Air 50 6 20

[a] Reactions were performed by irradiating with a white LED strip and by
varying the Zn(4)@CC loading, temperature, oxygen concentration and
reaction time. [b] Determined by 'H NMR using mesitylene as the internal
standard and calculated on the half of the initial amine moles.

© 2023 The Authors. ChemistryEurope published by Chemistry Europe and Wiley-VCH GmbH

B5UB017 SUOWILIOD BA 781D 3 |qeo | dde au Aq pausenob a1 S3jolie YO ‘85N JO 3|1 10y Areiq 1 8UIIUO A1 UO (SUOIPUOD-PUR-SLUBYWO A3 | 1M ARe.q 1 [ou[UO//SARY) SUO RIPUOD pue S L 83 88S *[£202/50/9T ] U0 Areiqiaul|uo 8|1 ‘oue|IN I elsieAIuN AQ 02Z000€202 INed/200T 0T/I0p/woo A8 | i Aze.q i puluo-adoune-Auis Iueyo//:sdny woy papeojumofl ‘0 ‘S9/#15/2



ChemistryEurope

Excellence in Chemistry Research Worldwide

Research Article i
doi.org/10.1002/ceur.202300020

To prove the general applicability of Zn(4)@CC as photoactive
material, the photooxidative coupling of a series of amines was
performed under the established optimized reaction conditions
(Table 2). All the tested amines were efficiently converted into
desired imines in yields up to 100%. As reported in Table 2, the
presence of EWGs (electron-withdrawing groups) or EDGs (elec-
tron-donating groups) in the para position of the aromatic ring
did not affect the reaction productivity and products 5-9 were
obtained in comparable yields. Even the presence of EWGs or
EDGs in ortho or meta positions did not influence the reaction
performance and products 10-13 were formed in excellent
amounts. On the other hand, the lower yield (74 %) of product 14
can be ascribed to the steric hindrance of the naphthalene group.
Unfortunately, no products were detected by replacing benzyl
amine analogous with other primary amines, such as n-butyl, iso-
propyl amine and cyclohexanemethylamine as well as aromatic
amines such as aniline.

According to published data,***" the photooxidative coupling
of amines can occur through different reaction pathways, which
depend on the nature of the generated ROS. As reported in

Table 2. Photooxidative coupling of amines promoted by Zn(4)@CC as
photoactive material.”!

Zn(4)@CC P
N NN
2R NH, —— N~ "R +NH; +H,0
2" 0,, white LED, 3 T2
RT, CH;CN
Cl (@]
5, 100%! 6, 100%!"!
P —
oo T
eO OMe Me Me
7, 94%°] 8, 2%l
OMe
N/ _
OO0, oOr 0
3C CFg -
9, 88%°! 10, 84%"!
Me
— -
Y0 OO0
Me Cl cl Cl (]
11, 98%"! 12, 84%!
Me /@/\ /\@\ ‘ /\ /\‘
13 100%lb1 14, 74%!®]
NS N7
15, n.d.l"! ~ 16, n.d 1!
N
17, n.d.l"!

[a] Reactions were performed at room temperature, under oxygen
atmosphere for 6 h by irradiating with a white LED and using 0.3 % mol
of Zn(4)@CC. [b] Determined by 'H NMR using mesitylene as the internal

standard and calculated on a half of the initial amine moles.
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Scheme 3, singlet oxygen and superoxide radical anion can be
formed by an energy transfer (ET) or a single electron transfer
(SET) mechanism, respectively. When the ET mechanism takes
place, the excited porphyrin (P¥), obtained after light irradiation,
releases its energy to molecular oxygen to produce singlet oxygen
(A). The latter can react with amine to form intermediate B that
evolves to key-imine C releasing hydrogen peroxide as the by-
product. Imine C can be also formed by a SET mechanism in
which P* abstracts one electron from the starting amine forming
the radical cation D and the porphyrin radical anion (P-7), which
transfers its additional electron to molecular oxygen to produce
the superoxide radical anion E. The direct reaction of D with E
affords the intermediate imine C.

At this point, imine C can evolve into the final product
following two different reaction pathways. In the first one,
imine C can undergo a nucleophilic attack by the amine
forming intermediate F that produces the desired imine 5 after
ammonia elimination (path a, Scheme 3). On the other hand,
imine C can be hydrolyzed by water traces yielding its
corresponding aldehyde G (whose side-oxidation can form the
corresponding acid H) that directly reacts with the starting
amine to form product 5 and water (path b, Scheme 3).

In view of these mechanistic proposals, we firstly inves-
tigated the nature of the involved ROS by performing the
synthesis of 5 in the presence of either 1,4-
diazabicyclo[2.2.2]octane (DABCO) or benzoquinone (BQ), which
are efficient trapping agents"? for singlet oxygen and super-
oxide radical anion, respectively. Obtained data revealed that

Single Elect

' NH, /\‘/_ Ph
kPhi Ph
______ S H,0,
path b
T . H,0
L Ph” ONH, z
S NH,
) —
Ph
Ph G H Ph)]\OH
e possible
HzN : ’
\—Ph by-product
_ Ph” N” " Ph
P = porphyrin 5

Scheme 3. Possible reaction pathways for the photooxidative coupling of
benzyl amine.
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the quantitative yield of 5, achieved after 6 h of irradiation in
the presence of the sole Zn(4)@CC (entry 1, Table 3), dropped
to 16% and 43% when either 5% mol of DABCO (entry 2,
Table 3) or BQ (entry 3, Table 3) was present in the reaction
medium. These data suggested that the photoactive Zn(4)@CC
could form reactive oxygen species through both ET and SET
mechanisms that can be both responsible for the photo-
oxidative coupling of amines.

As reported in Scheme 3, two possible pathways can occur
to convert imine C into the desired compound 5. Thus, we tried
to detect the formation of intermediate aldehyde G, or the
corresponding carboxylic acid H that can be obtained by ROS
oxidation (path b, Scheme 3). Considering the possible positive
role of traces of water in the formation of aldehyde, the
synthesis of 5 was performed either in the sole acetonitrile or in
CH;CN/H,0 (8:2) mixture and the reaction was monitored by IR
spectroscopy. In both cases, neither benzaldehyde G nor
benzoic acid H was detected and the desired imine 5 was
formed in comparable yields (entries 4-5, Table 3). Obtained
data suggest that either compounds G and H are not formed
during the reaction or the coupling of benzyl amine with
benzaldehyde is faster than its photooxidation to benzoic acid
H and consequently the accumulation (and detection) of
benzaldehyde G was avoided.

Thus, the Zn(4)@CC-promoted synthesis of 5 was repeated
by introducing a stoichiometric amount (with respect to
starting benzylamine) of benzaldehyde from the beginning of
the reaction in order to investigate the possible formation of
benzoic acid H as a reaction side-product. As reported in
Table 3, the desired imine 5 was obtained in a quantitative yield
both at room temperature and at 50°C (entries 6-7, Table 3),
the complete benzaldehyde conversion was always observed,
and no traces of benzoic acid were found although the
temperature was increased to favor the aldehyde oxidation.
These data confirmed that the reaction of aldehyde with benzyl
amine affording 5 is preferred and even if the formation of
aldehyde by path b cannot be excluded, its high reactivity

Table 3. Photooxidative coupling of benzyl amine in presence of additives
and by using Zn(4)@CC as photoactive material.”’
7
2 () e 2 NN e e
Oy, white LED, 5
additive
Entry  Solvent Additive T T Yield®
@ th] [%]
1 CH;CN - RT 6 100
2 CH;CN DABCO (5% mol) RT 6 16
3 CH,CN BQ RT 6 43
(5% mol)
4 CH;CN - RT 2 44
5 CH,CN/H,0 - RT 2 48
(8:2)

6 CH,CN Benzaldehyde (1 eq.) RT 6 100
7 CH,CN Benzaldehyde (1 eq.) 50 6 100
[a] Reactions were performed under oxygen atmosphere by irradiating
with a white LED and using 0.3 % mol of Zn(4)@CC. [b] Determined by 'H
NMR using mesitylene as the internal standard and calculated on the half
of the initial amine moles.
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towards benzyl amine should avoid its detection and its
photooxidation to corresponding acid H.

On the other hand, when the sole benzaldehyde was
irradiated in the presence of Zn(4)@CC by applying experimen-
tal conditions reported in Table 3, the corresponding benzoic
acid H was quantitatively achieved. Even if this last experiment
did not shed some light to the most plausible mechanism of
the imine formation, it proved the photoactivity of Zn(4)@CC
also in the photooxidation of aldehydes.

Thus, we decided to better investigate this reaction that,
alongside being a synthetic method for producing acids, can be
considered a valuable method to establish the presence of
aldehydes. These result assumes a relevance in view of the
importance in developing analytical methods for aldehyde
detection because these compounds (i.e. n-hexanal) can be
considered markers of critical situations such us degradation of
stored foods,* health hazards due to stored wood pellets**? and
medical diseases like pulmonary diseases and lung cancer.***”

Photooxidation of aldehydes promoted by Zn(4)@CC

The photoactive Zn(4)@CC was employed in the n-hexanal
oxidation to hexanoic acid (18) (Scheme 4) by using experimen-
tal conditions reported in Table 3. Compound 18 was obtained
in 65 % yield and, when the temperature was increased from RT
to 50°C, a small increase of the reaction yield (73% yield) was
achieved. The reaction productivity was slight better by
replacing white LED with a 240 V halogen lamp (76 % yield).

IR spectroscopy was employed to monitor the reaction
outcome by following the growth of the C=0 IR band of
hexanoic acid at 1739 cm™'. The activity of heterogenized
Zn(4)@CC material was compared to that of its homogenous
precursors Zn(F,,TPP), Zn(1) and Zn(3) as well as that of the
blank photooxidation of n-hexanal (performed in absence of
any zinc porphyrin species). Due to the very low solubility of
zinc porphyrins in acetonitrile, homogenous tests with Zn-
(F5TPP), Zn(1) and Zn(3) porphyrins were carried out in CH;CN/
CH,Cl, (9:1) mixture as the reaction solvent while the heteroge-
neous test in the presence of Zn(4)@CC was performed in pure
CH,CN. All the reactions were carried out at 50°C under oxygen
atmosphere by irradiating with a 240V halogen lamp in the
presence of 0.3% mol of zinc porphyrin. The progress of the n-
hexanal photooxidation was monitored by acquiring IR spectra
at different reaction times (zero-time, 30 min, 1, 2 and 3 h) and
considering the IR region between 1700 cm™' and 1800 cm™, in
which the two distinguish C=0 stretching at 1722 cm™ and
1739 cm™' were attributed to n-hexanal and hexanoic acid (18),
respectively. Thus, the intensity of the above-mentioned peaks

O Zn(#)@cC 0
Oy, light, 50°C, CH3CN - OH

white LED: 73% yield
halogen lamp: 76% yield

Scheme 4. Photooxidation of n-hexanal promoted by Zn(4)@CC.
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was reported in function of time (Figure 2) to appreciate both
the n-hexanal conversion and the hexanoic acid formation. As
reported in Figure 2a, while the n-hexanal conversion was faster
in the absence of any photoactive species (blank reaction), the
best reaction selectivity was registered in the presence of

a) 18 Conversion of n-hexanal
16 et
w a8
L 14 NN \
E -
5 12 \ \"‘N\
£ %= T~ Blank
- \ e Oy N\M Zn(F, TPP)
g08 . — L * Zn(1)
H \
205 % —o— Zn(3)
3 —o— Zn{4)@CC
04
02
o
o 20 40 60 80 100 120 140 160 180 200
time (min)
b) . .
% Formation of hexanoic acid
14 —
) /‘J‘Jd’k—-
w12 "
§ o e Blafk
2 L e an
2! - Sl Zn(Fy,TPP)
& o Zn(1)
o 08 A L
3
g / e — e Zn(3)
g . :
£ A . —o Zn(4)@CC
E 04 2 7 / 3
"
0,2
0
o 20 40 60 80 100 120 140 160 180 200
time (min)

Figure 2. Comparison of the activity of Zn(F,,TPP), Zn(1), Zn(3) and Zn(4)-
@CC in the photooxidation of n-hexanal: a) Conversion of n-hexanal in
function of time and b) Formation of hexanoic acid (18) in function of time.

Table 4. Photooxidation of aldehydes promoted by Zn(4)@CC as photo-
active material.”’

O
Zn(4)@cCC
X, —aeee . I

R” "H O,, halogen lamp R™ "OH
CH3CN, 50°C, 6 hours
(e} (o} (0] (0]
~~Hon P on A~ Hon e~y
18, 76%[°! 19, n.d.P! 20, 86%°! 21, 85%°!

(62%!°; 60%[)

(0] (6] Me O
o] @OH /©)J\OH /CH\OH
OH Bu Me Me

22, 50%"! 23, 100%!! 24, 86%°! 25, 65%!°]
0 0 0 0
/©)J\OH /©)J\OH /©)J\OH ©)J\OH
MeO HO cl 7
26, 36%!! 27, 30%! 28, 87%°] 29, 76%!

[a] Reactions were performed at 50 °C, under oxygen atmosphere for 6 h
by irradiating with a halogen lamp and using Zn(4)@CC 0.3% mol. [b]
Determined by 'H NMR using 2,4-dinitrotoluene as the internal standard.
[c] The reaction was performed by using Zn(4)@CC 0.15% mol. [d] The
reaction was performed by using Zn(4)@CC 0.075 % mol.
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Zn(4)@CC (Figure 2b). The blank reaction produced a smaller
amount of 18 confirming that, in absence of appropriate
photoactive systems, an unselective photooxidation can take
place. On the contrary, the use of zinc porphyrins favored the
synthesis of 18 as the major product under both homogenous
and heterogeneous conditions. Comparable selectivities were
observed by employing Zn(F,,TPP), Zn(1) and Zn(3) suggesting
that the introduction of functionalities with different lengths
onto the para position of the pentafluorophenyl ring did not
affect the productivity of the employed zinc porphyrin. To our
delight, the best results were achieved by using the hetero-
genized Zn(4)@CC to underline that the heterogenization
process had a positive effect on performances of the photo-
active species.

In view of the good results achieved by using Zn(4)@CC in
the n-hexanal photooxidation, we investigated the scope of the
reaction by testing other aldehydes showing different electronic
and steric properties (Table 4). Reactions were performed by
applying experimental conditions described above (0.3% mol
of Zn(4)@CC, 50°C, oxygen atmosphere and CH;CN as the
reaction solvent) and collected data indicated that Zn(4)@CC
efficiently promoted the selective photooxidation of both alkyl
and aryl aldehydes to corresponding carboxylic acids in yields
up to 100% (Table 4). Achieved results indicated that reaction
yields decreased by increasing the length of the alkyl chain
(compare the yield of products 18-22, Table 4) and moving
from butanal to dodecanal the reaction yield dropped from
86% (Table 4, product 20) to 50% yield (Table 4, product 22).
Unfortunately, Zn(4)@CC did not promote the photooxidation
of formaldehyde to formic acid (19).

When aromatic aldehydes were used as substrates, the
presence of EDG substituents had a negative effect and while
benzaldehyde was transformed into benzoic acid 23 in a
quantitative yield, a decrease of the reaction yield was observed
in the synthesis of products 24-25 (86% and 65% yield,
respectively). The reaction of aldehydes functionalized with
oxygen-containing groups (OMe or OH) caused the drop of the
reaction yield to 36% and 30% for products 26 and 27,
respectively. Good yields were instead observed by reacting
electron-poor aromatic rings, products 28 and 29 were
obtained in 87% and 76 % yield, respectively.

In order to test the photoactive power of Zn(4)@CC, the
synthesis of 18 was performed with 0.15% and 0.075% mol of
the photoactive species; The desired compounds were respec-
tively obtained in 60% and 62% vyield to prove the good
activity of heterogeneous material also at very low loadings
(Table 4).

Conclusions

We here report the synthesis and complete characterization of
Zn(4)@CC material that demonstrated good photoactivity in
the conversion of amines into imines and aldehydes into
corresponding acids. Both reactions occurred in the presence of
molecular oxygen and white light and by using mild exper-
imental conditions. The use of the Colour Catcher® support is
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highly innovative for several reasons: i) low toxicity and low
ecological impact of the so-obtained material; ii) economic
convenience and high availability of Colour Catcher® sheets; iii)
easy and efficient anchorage of the photoactive species; iv) easy
recyclability of the material due to its high chemo-physical
robustness and the lack of substance leaching.

Thus, data here described can be considered a valued
starting point for developing further applications of this
material both in catalytic reactions and sensing technologies.

Experimental Section

General methods, characterizations and NMR spectra of isolated
compounds are reported in supporting information.

Synthesis of 1. KOH (139.8 mg, 2.49x10*mol) was dissolved in
700 L of distilled water and added to 50.0 mL of a 10% solution of
propargyl alcohol in THF, already placed in a two-necked round
bottom flask. The obtained mixture was heated up to reflux and then
10.0 mL of THF solution of F,,TPPH, (250.0 mg, 2.51x10~* mol) was
added dropwise. The reaction mixture was refluxed for 8 h until the
complete consumption of the starting porphyrin was observed by TLC
(SiO,, n-hexane/CH,Cl,=6:4). At the end of the reaction, residual KOH
was quenched with HCl 1.0 N until neutral pH and then the solvent
was evaporated to dryness. The obtained crude was dissolved in
CH,Cl, (100.0 mL) and washed with water (3x100.0 mL). The organic
phase was dried over Na,SO,, filtered and the solvent was evaporated
to dryness. The crude was purified by flash chromatography (SiO,,
gradient elution from n-hexane/CH,Cl,=90:10 to n-hexane/CH,Cl,=
70:30) to yield 1 as a purple solid (260 mg, 90% yield). '"H NMR
(300 MHz, THF-dg): 6 =9.14 (5, 8H, Hgy), 531 (d, J=2.5 Hz, 8H, He),
341 (9, J=54, 39Hz, 4H, Hy), —2.74 ppm (s, 2H, NH,,,). "F NMR
(376 MHz, THF-dg): 0 =-140.80 (dd, J=23.8, 9.4 Hz), —157.57 ppm
(dd, J=23.0, 8.6 Hz). *C NMR (101 MHz, THF-d): 0 =131.23 (Cporphiing)
10416 (Coorphring 7816 (Cap), 62.07 ppm (Cop). LR-MS (ESI): m/z
[CseHF16N,O,] caled. 1118.14; found [M+H]" 1119.41. UV-Vis: A,
(CH,Cl,)/nm (log €): 413 (5.48), 507 (4,35), 584 (3,75). Elemental analysis
calc. for [CseH,5F6N,O4): C, 60,12; H, 1,98; N, 5.01; found: C, 58.80; H,
243; N, 4.53.

Synthesis of Zn(1). Porphyrin 1 (260.0 mg, 233x10*mol) was
dissolved in CH,Cl, (80.0 mL) and Zn(OAc),-2H,0 (514.0 mg, 2.34X%
107 mol) was dissolved in MeOH (20.0 mL). The zinc solution was
added to the porphyrin solution and the mixture was refluxed
overnight. At the end of the reaction, the solvent was evaporated to
dryness and the crude was dissolved in CH,Cl, (150 mL) and washed
with water (4x100.0 mL). The organic phase was dried over Na,SO,,
filtered and the solvent was evaporated to dryness to yield Zn(1) as a
purple solid (275.4 mg, quantitative yield). '"H NMR (400 MHz, THF-dy):
3=9.05 (5, 8H, Hypyr) 530 (d, J=2.4 Hz, 8H, Hqy), 340 ppm (t, J=
2.4 Hz, 4H, Hgy). "°F NMR (376 MHz, THF-dy): 0 = —140.92-—141.12 (m),
—158.07-—15835 ppm (m). *C NMR (101 MHz, THF-dg): 6=150.18
Coorphring) 13142 (Coomphring 78.07 (Cay), 62.00 ppm (Cey). LR-MS (ESI):
m/z [CsgHyoF16N,0,ZN] caled.: 1181.05; found [M+H]*: 1182.17. UV-Vis:
Amax (CHCL)/nm (log €): 421 (5.75), 552 (4,30), 623 (3,15). Elemental
analysis calc. for [CsgHooF1gN4O,Zn]: C, 56.90; H, 1,71; N, 4.74; found: C,
56,69; H, 2,35; N, 4.20.

Synthesis of Zn(3). Zn(1) (275.0 mg, 2.33x10* mol) and methyl-3-
azide-propionate (2) (131.0 uL, 1.18x 10> mol) were dissolved in THF
(55.0 mL) and thermostated at 50°C. CuSO,-5H,0 (293.7 mg, 1.18%
107 mol) was dissolved in distilled water (14.0 mL) as well as sodium
ascorbate (233.1 mg, 1.18 x 10~* mol). The two aqueous solutions were
added to the porphyrin solution and stirred overnight at 50 °C. At the
end of the reaction, the solvent was evaporated to dryness. The crude
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was dissolved in CH,Cl, (100.0 mL) and washed with brine (100.0 mL)
and water (3x100.0 mL). The organic phase was dried over Na,SO,,
filtered and the solvent was evaporated to dryness. The crude was
purified by flash chromatography (SiO,, gradient elution from CH,Cl,
to CH,Cl,/MeOH=98:2) to vyield Zn(3) as a purple solid (244.8 mg,
62% yield). '"H NMR (400 MHz, THF-dy): 5=9.04 (s, 8H, Hpoyr) 824 (s,
4H Hypoe)s 5.72 (s, 8H, Hano), 480 (t, J=6.6 Hz, 8H, Hapy), 3.09 ppm
(t, J=66Hz, 8H, Hypco): "°F NMR (282 MHz, THF-dp): 0 =—141.56-
—141.75 (m), —158.57-—158.75 (m). *C NMR (101 MHz, THF-dy): 6 =
150.19 (Coorphiing)r 13148 (Chpyrd 12471 (Corriazol)s 67.67 (Capo)s 45.39
(Caron)r 3399 ppm (Caipco)- LR-MS (MALDI): m/z [CroHogF1gN16Os,2ZN1
caled.: 1696.27; found [M+H]*: 1697.60. UV-Vis: A, (CH,Cl,)/nm (log
€): 421 (5.68), 551 (4,32). Elemental analysis calc. for [C,,H,gF1¢N;¢0;,Zn]:
C, 50.91; H, 2.85; N, 13.19; found: C, 54.89; H, 4.92; N, 9.97.

Synthesis of Zn(4). Zn(3) (128.1 mg, 7.55% 10~°> mol) was dissolved in
THF (30.0 mL) and EtOH (15.0 mL). An aqueous solution of KOH 2 M
(20.0 mL) was added dropwise to the porphyrin solution and the
mixture was stirred at room temperature overnight until the complete
consumption of the starting porphyrin was observed by TLC (SiO,,
CH,Cl,/MeOH=95:5). No other spots were observed to indicate a
quantitative conversion of Zn(3) into Zn(4). After standing for 12 h, a
biphasic mixture was forming and the removal of a colorless super-
natant water phase gave a solution containing Zn(4). Any attempt to
recover the desired product from this mixture failed. A jellyfish mixture
was formed either when a apolar solvent was added to precipitate
Zn(4) or the mixture was evaporated to dryness. Thus, the so-obtained
solution was employed for the anchoring procedure without further
purifications. UV-Vis: A, (THF/EtOH (2:1))/nm (log €): 420 (5.21), 504
(4.02), 584 (3.71).

Anchoring procedure for the preparation of Zn(4)@CC. 50.0 mL of
Zn(4)-containing solution, with the fixed concentration of 1.50x%
107* M, were placed in a coded test tube and then 92 cm? of rolled
Colour Catcher® were immersed in the solution. The sheet was left
in the solution for 24 h and, to prevent the porphyrin degradation,
the tube was wrapped with aluminum kitchen foil. After this time,
the sheet was extracted and dried on a heated plate (at 85°C).
Then it was washed with distilled water, THF and CH;CN and dried
at each step. The obtained colored sheet was finally washed with
hot CH;CN to mimic the reaction conditions. No leaching of
porphyrin was observed, demonstrating an excellent adsorption of
porphyrin onto the solid surface. After the last wash, the sheet was
pulled out from the solvent and placed directly into a coded test
tube and dried in vacuum. The obtained Zn(4)@CC was weighed
and stored wrapped in aluminum kitchen foil. Determination of the
amount of porphyrin anchored onto the Colour Catcher® was
performed by UV-visible by measuring the concentration of the
Zn(4)-containing solution before and after the immersion of the
sheet. Collected data allowed estimating an average value of
anchored Zn(4) equal to 0.24 mg/cm’.

General procedure for the photooxidative coupling of amines.
10.5 cm? of Zn(4)@CC (0.3% mol, 1.54x 10~° mol of anchored Zn(4))
were cut into small squares (~10 mm? and dipped into 2.5 mL of
CH,CN already placed in a 10.0 mL test tube equipped with a screw
cup with a silicon/PTFE septum. Oxygen was bubbled into the
mixture for 5 min and subsequently an oxygen balloon was placed
on the reactor to ensure the oxygen atmosphere. The desired
amine (5.05x10*mol) was added to the mixture and then the
white LED was switched on. The reaction was stirred at room
temperature for 6 h. At the end of the reaction, Zn(4)@CC was
filtered off and washed three times with CH,Cl, (3x3.0 mL). The
organic phases were collected and dried under vacuum. The
obtained crude was analyzed by 'H NMR with mesitylene as the
internal standard.
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General procedure for the photooxidation of aldehydes. 22 cm?
of Zn(4)@CC (0.3% mol, 3.20x 10" mol of anchored Zn(4)) were
cut into small squares (~ 10 mm? and dipped into 5.0 mL of CH,CN
already placed in a two-necked round bottom flask equipped with
a condenser and a screw cup with a silicon/PTFE septum. Oxygen
was bubbled into the mixture for 5min and subsequently an
oxygen balloon was placed on the reactor to ensure the oxygen
atmosphere. The reactor was placed in a pre-heated water bath
thermostated at 50°C. The desired aldehyde (1.01x 107 mol) was
added to the mixture and the halogen lamp was switched on. The
reaction was carried out at 50°C for 6 h. At the end of the reaction,
Zn(4)@CC was filtered off and washed three times with CH,Cl, (3 x
5.0 mL). The organic phases were collected and dried under
vacuum. The obtained crude was analyzed by 'H NMR with 2,4-
dinitrotoluene as the internal standard.
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The anchorage of zinc(ll) porphyrin
onto Colour Catcher® sheets allows
obtaining a powerful photoactive
material able to promote oxidative
reactions in the presence of pure
molecular oxygen and white light. The

good performance and chemo-
physical stability of the Colour
Catcher®-based material pave the way
for its employment in eco-friendly
photochemical processes.
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Porphyrins Anchored onto Colour
Catcher®: Photoactive Material for
the Conversion of Amines into
Imines and Aldehydes into Car-
boxylic Acids
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