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Ohmic heating offers a very efficient way of performing organic reactions using water as solvent. An efficient access to

new coumarinylporphyrin derivatives bearing pyrano[3,2-clcoumarin motifs at the B-pyrrolic position of porphyrin
macrocycles is disclosed by using this type of heating. The synthetic strategy involved a sequential Knoevenagel and
hetero-Diels-Alder
derivatives generated in situ from 4-hydroxycoumarin and aromatic aldehydes in aqueous media. The results obtained

reaction between 2-vinyl-5,10,15,20-tetraphenylporphyrinatozinc(ll) and a-methylenechromane

under ohmic heating were compared with those obtained under conventional heating using water and also organic

solvents.

A. Introduction

One of the most important objectives in modern organic
chemistry is the development of efficient synthetic routes
leading to target compounds and whenever possible, under
sustainable conditions fulfilling green chemistry requirements.
The reactions should preferably be facile and fast, and the
resulting products should be easily isolated and purified. To
achieve such goals, alternative and more efficient heating
processes are under consideration.

Ohmic heating (QH) is defined as a process where an AC
electric current is passed through a conductive medium (which
behaves as an electrical resistor) with the primary purpose of
heating it (Figure 1). This process has been used in food
processing1 but it can also be applied to heat chemical
reactions, especially organic reactions performed in aqueous
medium. It is an alternative to conventional heating and to
microwave (MW) irradiation methods, as it has been
demonstrated recently by Silva and coworkers.” In QH, heat is
internally generated due The
dissipation of electrical energy into the reaction medium

to electrical resistance.

generates heat. Therefore, heating occurs in the form of
internal energy transformation (from electric to thermal)

within the reaction mixture. Therefore, QH can be seen as an

internal thermal energy generation technology, and not only
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as a thermal energy transfer. This means that it does not
depend on the heat transfer to the medium, resulting in a high
speed heating rate and thus giving rise to a rapid and uniform
heating process leading to shorter reaction times and higher
yields. (QH) differs from the other heating techniques by the
presence of electrodes in contact with the reaction mixture
allowing the use of a variable frequency and a variable
waveform (Figure 1); in general the sinusoidal waveform is
selected.’

Power

AC Current

Stainless steel electrodes

Figure 1. Schematic diagram showing the principle of ohmic
heating.

Both (MW) irradiation and (QH) have the ability to transform
electrical energy into heat. However, (QH) allows a uniform
heating, overcoming the problems associated with microwave
heating, when large volumes are concerned, due to the low
penetration depth of microwave radiation. Thus, the scaling of
direct ohmic heating for the pilot or even the industrial scales
should not present the limitations and difficulties found in
microwave irradiation.
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Combining the use of (QH) and water (as solvent) provides
great opportunities for green chemistry approaches. Water
has a high heat capacity and is non-toxic, non-flammable and
easily available at low cost,3 and it is also known to enhance
the rates and to affect the selectivity of a wide variety of
organic reactions.”

To date four different types of organic reactions using (QH)
were already performed and reported.2 Those include
nucleophilic substitutions, amines N-alkylations, Suzuki cross-
coupling and Diels-Alder reactions. In particular, the
cycloaddition of 9-hydroxymethylanthracene with  N-
methylmaleimide has been reported to take place in a short
reaction time (~2 min.), giving a high yield of the cycloadduct,
a much better procedure when compared with those using
microwave and oil bath heating conditions.

Herein, we have decided to evaluate the potentiality of (QH) to
perform reactions with more complex systems such as those
comprising tetrapyrrolic systems like porphyrins. The synthetic
strategy selected involved a sequential Knoevenagel and
hetero-Diels-Alder reactions of B-vinyl-meso-tetraphenyl
porphyrinatozinc(ll) with a-methylenechromane derivatives
and these have been generated in situ from 4-
hydroxycoumarin and a series of aromatic aldehydes (Scheme
1). The importance of such reactions is unquestionable since
they constitute a new methodology for the synthesis of
significant tetrapyrrolic macrocycles; the latter are of great
interest due to their promising applications as catalysts in solar
conversion,5 in biomimetic model systems of photosynthetic
processes,6 as sensors and especially as photosensitizers in
diagnosis and photodynamic therapy treatment of several
types of cancer’ and for the photoinactivation of
microorganisms.8

Important templates for further functionalisation are the
5,10,15,20-tetraphenylporphyrin 1 and the corresponding B-
vinyl derivative 2. The structural modification leading to new
derivatives of those porphyrinic macrocycle cores can be
performed by incorporating substituents and
heterocyclic moieties at the porphyrin ring using, for instance,
Diels-Alder and 1,3-dipolar cycloadditions, 1,5-
electrocyclisations and cheletropic reactions.” In order to
obtain new compounds with these requirements it is
necessary to study the development of novel synthetic
methodologies leading to novel molecular frameworks from
meso-tetraarylporphyrins.

various

2| J. Name., 2012, 00, 1-3

In particular, the Aveiro group10 has been performing hetero-
Diels-Alder reactions with porphyrins and analogues using
extremely reactive dienes like ortho-quinone methides (o-
QM). These reactive intermediates are usually generated and
used in situ and a valuable method for their preparation is
based on the Knoevenagel reaction of aldehydes with enols; o-
QM can then be used in several reactions such as the hetero-
Diels-Alder reactions.* For instance, the later sequence has
been successfully used in the derivatisation of the easily
accessible 2-viny|-5,10,15,20-tetraphenylporphyrinatozinc(II)12
leading to macrocycles containing 5,10-dioxo
benzo[glchromene, 5,6-dioxobenzo[h]chromene, pyranol[3,2-
c]Jcoumarin and benzopyran motifs at a porphyrin B-position.
The synthesis of those compounds was performed using 1,4-
dioxane and o-dichlorobenzene as solvents, and reaction times
ranging from 1 to 48 hours and yields of 8-95 %."° In some
cases, the addition of extra equivalents of the ortho-quinone
methide was required.

So, as a further extension of our studies in this field, the
present work reports the synthesis of coumarinylporphyrin
derivatives using (QH) in agueous medium. The o-QM were
obtained from 4-OH-coumarin and a series of aromatic
aldehydes. The efficiency of these conditions was evaluated by
comparing the new results with the ones obtained from
reactions performed under conventional heating conditions
and using water or dioxane as solvents.

B. Results and Discussion

B.1 Chemistry

The experimental conditions explored in the synthesis of the
new coumarinylporphyrin derivatives 6a-f are outlined in
Scheme 1 and the results obtained are summarised in Table 1.
These reactions were performed by generating the adequate
a-methylenechromane derivatives 5a-f in the presence of 2-
viny|—5,10,15,20—tetrapheny|porphyrinatozinc(lI)10 2. These
highly reactive intermediates were obtained in situ from 4-OH-
coumarin 3 and also from the corresponding aromatic
aldehydes 4a-f; the reaction times required to obtain the
desired coumarinylporphyrins 6a-f and the yields of the two
diastereomers (Scheme 2) were dependent on the reaction
conditions.

Under conditions i (Scheme 1), the reaction with benzaldehyde
afforded 6a (as two diastereomers 6al and 6a2) after 1 h
under reflux in the presence of 1.0 equivalent of 4-OH-
coumarin and 8.0 equivalents of the aldehyde, with total
consumption of the starting porphyrin. With the other
substituted aldehydes 4b-f it was required longer reaction
times for an efficient consumption of the starting porphyrin;
after 12 h of reaction it was added more aldehyde and
coumarin in the same proportion. After 24 h of reaction, TLC of
the reaction mixture showed the presence of two major
compounds accompanied by a minor amount of the starting
porphyrin. The correct assignment of the two new
diastereomers in each case (Scheme 2) was based on the fully
analysis of their *H, 3C, COSY, HMBC, HSQC and NOESY NMR
spectra, after purification by column and preparative thin-layer
chromatography.

This journal is © The Royal Society of Chemistry 20xx
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(i) Dioxane, reflux 105 °C

(i) Water, reflux 100 °C

(iii) Ohmic heating in water, reflux 100 °C
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Scheme 1. Synthesis of compounds 6a-f

In particular, considering the diastereomers 6a, the expected
addition of the vinylporphyrin 2 at the 3’,4’ positions of the a-
was confirmed by the
presence of a signal at & 162.4 ppm in their 3¢ NMR spectra
due to the carbon carbonyl C-5’ that is correlated with the
hydrogen H-4’ (6 3.82 ppm for 6al and 6 4.33 ppm for 6a2) in
the HMBC spectrum. In addition it was also possible to confirm
in the HMBC spectra the correlation of hydrogen H-4" with C-
4a’ (5 104.7/101.9 ppm), C-10b’ (5 161.4/161.3 ppm), C-2’ (5
76.1/69.2 ppm) and C-3’ (6 42.3/36.4 ppm).

From the 'H NMR spectra and mainly from the coupling
constant values it is possible to differentiate both isomers. For
instance in the case of diastereomers 6a: a) in 6al both H-3’
appear at 2.42 (dt, J 14.5, 11.0 Hz) and 2.94 (ddd, J 14.5, 6.3,
1.5 Hz), while H-4’ (3.82, dd, J 11.0, 6.3 Hz) and H-2’ (5.26, br d,
J 11.0 Hz) are more deshielded; and ii) in 6a2 the resonances
of one H-3’ and both H-4’ and H-5" are more deshielded than
the corresponding protons from the isomer 6al [2.42 (dd, J
14.3, 11.7 Hz, 1H, H-3"), 3.15 (m, 1H, H-3’), 4.33 (d, J 5.1 Hz,
1H, H-4’), 5.47 (dd, J 11.7, 1.3 Hz, 1H, H-2’)]. The NOESY
spectrum was particularly important for the identification of
the major product as 6al and the minor one as 6a2. In these
spectra it was possible to see clearly that in 6al there is a
correlation between the hydrogens H-2’ and H-4’, indicating
that both hydrogens are spatially close. In the compound 6a2
such correlation was not observed. The same pattern of ', B¢
and NOESY NMR spectra was also observed for the other pairs
of diastereomers.

. . 10
methylenechromane derivatives

This journal is © The Royal Society of Chemistry 20xx

In the reactions performed in water under conventional
heating (Conditions ii, Scheme 1) and under ohmic heating
(Conditions iii, Scheme 1) the only products obtained were also
the diastereomers 6a1-6f1 and 6a2-6f2. However, in water and
under conventional heating all the aldehydes required 24 h for
an efficient consumption of the starting porphyrin and it was
necessary to add another proportion of coumarin and of the
aldehyde after 12 h reaction time. Comparing the yields of
isomers 6al-6f1 and 6a2-6f2 under conventional heating in
dioxane and water it was observed that the yields of the
obtained isomers 6al-6f1 decrease in this last solvent and
those of isomers 6a2-6f2 increase.

The results obtained when using agueous NaCl solution under
ohmic heating are particularly gratifying. Excellent conversions
were obtained after 30 min and 1 h of reaction and the main
compounds 6al-6f1 were obtained in higher yields when
compared with the corresponding isomers 6a2-6f2 (Table 1).
This result shows that when using (QH) and water as solvent
these reactions are highly regioselective and site-selective.™
The use of the ohmic reactor to heat this reaction caused a
significant improvement in the reaction efficiency, leading to a
decrease of the reaction time and to an atom economy. This is
contrary to what is observed under conditions i and ii, where a
second addition of both reagents, aldehyde and coumarin, was
necessary.

Based on these results a question can be put forward: are
there any non-thermal effects, for instance “electrochemical

effects” in ohmic heating that could explain the differences in
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the reaction time, yields and selectivity found when compared
with conventional heating? In a recent publication,14 Silva and
co-workers suggested the existence of some “electrochemical
effects” in the ohmic heating assisted Suzuki-Miyaura reaction
of 3-iodo-1-methylquinolin-4(1H)-ones with arylboronic acids,
that may be related to the enhancement of Pd catalyst
deposition on the electrodes and its solubilisation in the
reaction medium. Moreover the authors claimed that the high
heating rates achieved in ohmic heating in the beginning of the
reaction might enhance the reduction of Pd(ll) to Pd(0) which
is the species involved in the catalytic cycle of the Suzuki
reaction. Moreover they suspected that the used iron-
containing electrodes might reduce aqueous solutions of
Pd(OAc), to the pure metal Pd(0). The deposition mechanism
under the ohmic heating process itself may enforce this
phenomenon. However ohmic heating in the context of
organic synthesis is a new concept and as far as we know there
are only three publications on this issue.?™ Presently there are
not sufficient data to rationalise about the existence of non-
thermal or any specific effects of ohmic heating. What we can
rationalise at this moment is that the high heating rates
achieved in ohmic heating at the beginning of the reaction may
lead to a more uniform heating and to less decomposition of
the reactants. In addition, the electrical dynamic perturbation
in ohmic heating may have a role in the improvement of the
transport properties and polarization of the reaction medium.
The metallic (stainless steel type 316) electrodes themselves
may have a role in this sequential Knoevenagel and hetero-
Diels-Alder reaction.”> Moreover the addition of NaCl to
increase the medium conductivity and the initial heating rate

Journal Name

may also have an effect in the reaction rate and selectivity. It is
well known that salts with small cations are known to enhance
the hydrophobic effect (salting-out effect) that could facilitate
the Diels-Alder reactions in water.'® Despite the low
concentration of the salt aqueous solution (~0.028M) when
compared to those described in the literature'® we cannot
exclude this effect. However additional research is necessary
in order to investigate the thermal behaviour during heating
and to fully understand the phenomena involved in the ohmic
heating process.”

Table 1. Comparison of the three reaction conditions used,
reaction times and yields (Condition i: 1,4-Dioxane at reflux,
105 °C; Condition ii: Water under reflux, 100 °C; Condition iii:
Ohmic heating under reflux in water, 100 °C)

6al, 6b1, 6c1,
6d1, 6el, 6f1

Aldehyd Produc Yields and reaction times
es ts Cond. i Cond. ii Cond. iii
42 6a.1 85 % (1h) 78 % (24h) 92 % (30min)
6a.2 15 % (1h) 20 % (24h) 7 % (30min)
ab 6b.1 66 % (24h) 56 % (24h) 83 % (1h)
6b.2 30 % (24h) 38% (24h) 16% (1h)
ac 6c.1 80 % (24h) 62 % (24h) 90 % (1h)
6c.2 18 % (24h) 27 % (24h) 7% (1h)
ad 6d.1 78 % (24h) 62 % (24h) 85 % (1h)
6d.2 20 % (24h) 26 % (24h) 14 % (1h)
e 6e.1 77 % (24h) 54 % (24h) 88 % (1h)
6e.2 5% (24h) 11 % (24h) 6% (1h)
o 6f.1 81 % (24h) 68 % (24h) 90 % (1h)
6f.2 12 % (24h) 25 % (24h) 5% (1h)
6a2, 6b2, 6¢c2,
6d2, 6e2, 612

Scheme 2. Proposed mechanism for the formation of diastereomers 6al1-6f1 and 6a2-6f2 and comparative TLC of the starting
porphyrin 2 with the products of its reaction with the methylenechromane obtained from 4-OH-coumarin and benzaldehyde

4| J. Name., 2012, 00, 1-3
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B.2 General Procedures

Analytical grade solvents were used. Reagents were purchased
from Aldrich or Acros Chemicals. Column chromatography was
performed on silica gel 60 (Merck 70-230 mesh). Yields refer to
purified compounds obtained by chromatography techniques
and confirmed by spectroscopic data.
monitored by thin-layer chromatography (TLC) carried out on
0.25 mm E. Merck silica gel plates (60 F-254) using UV light as
visualising agent. NMR spectra were recorded on a Bruker
Avance NMR equipment operating at 300 MHz for 'H and 75
MHz for *Cin DMSO-dg and CDCl; solutions and TMS was used
as the internal standard (6 O ppm). In other cases NMR spectra

Reactions were

were recorded on a Bruker Avance instrument operating at
500 MHz for *H and 125 MHz for >C in DMSO-dg or CDCls
solutions. The coupling constants (J) are reported in Hz and
refer to apparent peak multiplicities.

For experiments carried out under ohmic heating, the 10 mL
reactor was filled with the reaction mixture, closed and the
mixture was heated to reflux. To increase the conductivity
NaCl (5 mg) was added to the reaction media. A pair of
stainless steel type 316 electrodes arranged in parallel rods (4
mm of diameter) was immersed in the reaction medium. For 3-
4 mL of reaction mixture the length of electrodes immersed in
the reaction medium was 5-9 mm and the distance between
the electrodes was 10 mm. The temperature measurement
was done using a type J glass sheathed thermocouple located
inside the reactor. All the experiments were carried out under
medium magnetic stirring speed (740 rpm).

In an ohmic heating micro-reactor, equipped with a magnetic
stirring bar, 4-hydroxycoumarin (3, 2.3 mg, 0.014 mmol),
adequate aldehyde (0.114 mmol), porphyrin 2 (10 mg, 0.014
mmol) and NaCl (5 mg) in distilled water (3 mL) were heated at
reflux until consumption of the starting porphyrin 2 (30 min —
1 h). After that period, CHCI; (30 mL) was added to the
reaction mixture and it was washed with saturated aqueous
NaHCO;3 (2 x 30 mL). The organic phase after being dried with
anhydrous sodium sulphate was concentrated under vacuum,
and the residual crude product was purified by column
chromatography on silica gel and subsequently by preparative
TLC using CHClI; as the eluent.

{2-(4-Phenyl-5-0x0-2,3,4,5-tetrahydro-2H-pyrano[3,2-
clchromen-2-yl)-5,10,15,20-tetraphenylporphyrinato}zinc(ll)
(6a.1)

'H NMR (500 MHz, CDCl5): & = 2.42 (dt, J 14.5, 11.0 Hz, 1H, H-
3’), 2.94 (ddd, J 14.5, 6.3, 1.5 Hz, 1H, H-3"), 3.82 (dd, J 11.0, 6.3
Hz, 1H, H-4’), 5.26 (br d, J 11.0 Hz, 1H, H-2’), 7.17-7.29 (m, 6H,
H-2”,3”,4”,5”,6”, H-9’), 7.34 (dd, J 8.0, 0.5 Hz, 1H, H-7), 7.36-
7.38 (m, 1H, m,p-Ph-20), 7.53 (ddd, J 8.0, 7.0, 1.0 Hz, 1H, H-8’),

This journal is © The Royal Society of Chemistry 20xx

ROYAL SOCIETY
OF CHEMISTRY

7.73-7.81 (m, 12H, 11H m,p-Ph, H-10’), 8.18-8.22 (m, 7H, o-
Ph), 8.27-8.28 (m, 1H, 0-Ph-20), 8.74 (d, J 4.6 Hz, 1H, Hp), 8.89
(d,J 4.6 Hz, 1H, HB), 8.91 (d, J 4.6 Hz, 1H, HP), 8.93 (s, 2H, H-12
and H-13), 8.95 (d, J 4.6 Hz, 1H, HB), 9.18 (s, 1H, H-3). >C NMR
(75 MHz, CDCls): & = 40.2 (C-4’), 42.3 (C-3’), 76.1 (C-2’), 104.7
(C-42’), 115.9 (C-10a’), 116.6 (C-7'), 123.0 (C-10’), 123.6, 126.5,
126.6 (C-2”,6”), 126.6 (C-9°), 126.6, 127.6, 127.7, 128.5, 128.6,
128.7 (Cm,p-Ph), 131.6, 131.8 (C-8’), 132.3, 132.5, 132.6 (CB),
134.4, 134.5, 134.6 (Co-Ph), 143.4 (C-1), 145.6 (C-1”), 150.3,
150.5, 150.6, 150.9 (C-10, C-11, C-14, C-15), 152.8 (C-6a’),
161.4 (C-10b’), 162.4 (C-5’). UV/vis (CHCl3): Ay (log €): 425
(4.91), 553 (4.55), 595 (4.00) nm. HRMS (ESI+): m/z [M+H]+
calcd. for Cg,H40N,03Zn: 953.2392; found: 953.2394.
{2-(4-Phenyl-5-o0x0-2,3,4,5-tetrahydro-2H-pyrano[3,2-
clchromen-2-yl)-5,10,15,20-tetraphenylporphyrinato}zinc(ll)
(6a.2)

'H NMR (500 MHz, CDCls): & = 2.42 (dd, J 14.3, 11.7 Hz, 1H, H-
3’), 3.15 (m, 1H, H-3’), 4.33 (d, J 5.1 Hz, 1H, H-4’), 5.47 (dd, J
11.7, 1.3 Hz, 1H, H-2’) 7.03-7.31 (m, 6H, H-2",3",4”,5”,6”, H-
9’), 7.38 (dd, J 7.5, 1.2 Hz, 1H, H-7’), 7.50-7.53 (m, 1H, m,p-Ph-
20), 7.59 (td, J 7.6, 1.2 Hz, 1H, H-8’), 7.74-7.81 (m, 12H, 11H
m,p-Ph, H-10’), 8.18-8.25 (m, 7H, o-Ph), 8.37-8.39 (m, 1H, o-
Ph-20), 8.58 (d, J 4.7 Hz, 1H, HP), 8.85 (d, J 4.7 Hz, 1H, HB), 8.92
(d, J 4.7 Hz, 1H, HB), 8.93 (s, 2H, H-12 and H-13), 8.96 (d, J 4.7
Hz, 1H, HB), 9.16 (s, 1H, H-3). *C NMR (75 MHz, CDCL;): & =
35.8 (C-4'), 36.4 (C-3’), 69.2 (C-2’), 101.9 (C-4a’), 115.6 (C-10a’),
116.7 (C-7’), 123.1, 123.5 (C-10’), 125.4, 126.5, 126.6, 126.7 (C-
27,6”), 126.6 (C-9’), 127.6, 127.7, 128.2, 128.3, 128.6 (Cm,p-
Ph), 131.5, 131.6 (C-8’), 132.3, 132.9, 133.0, 133.6 (CB), 134.4,
134.5, 134.6 (Co-Ph), 143.1 (C-1), 146.3 (C-1”), 150.1, 150.5,
150.6, 150.7 (C-10, C-11, C-14, C-15), 152.9 (C-6a’), 161.3 (C-
10b’), 162.5 (C-5’). UV/vis (CHCl3): A (log €): 425 (4.90), 552
(4.55), 596 (4.00) nm. HRMS (ESI+): m/z [M+H]+ calcd. for
Ce2Ha0N405Zn: 953.2392; found: 953.2393.

{2-(4-(4-Methoxyphenyl)-5-ox0-2,3,4,5-tetrahydro-2H-
pyrano[3,2-c]lchromen-2-yl)-5,10,15,20-
tetraphenylporphyrinato}zinc(ll) (6b.1)

'H NMR (500 MHz, CDCl5): & = 2.42 (dt, J 14.2, 11.1 Hz, 1H, H-
3’), 2.90 (ddd, J 14.2, 6.5, 1.3 Hz, 1H, H-3’), 3.71 (s, 3H, OCHs),
3.78 (dd, J 11.1, 6.5 Hz, 1H, H-4’), 5.25 (br d, J 11.1 Hz, 1H, H-
2’), 6.79 (d, J 8.9 Hz, 2H, H-3”,5"), 7.16 (dd, J 8.9, 1.8 Hz, 2H, H-
2”,6”), 7.21 (dt, J 8.5, 2.0 Hz, 1H, H-9’), 7.34-7.30 (m, 2H, m,p-
Ph-20, H-7’), 7.52 (ddd, J 8.5, 7.2, 1.5 Hz, 1H, H-8"), 7.73-7.80
(m, 12H, 11H m,p-Ph and H-10’), 8.17-8.23 (m, 7H o-Ph), 8.27-
8.28 (m, 1H, 0-Ph-20), 8.74 (d, J 4.6 Hz, 1H, HB), 8.89 (d, J 4.6
Hz, 1H, HB), 8.91 (d, J 4.6 Hz, 1H, HP), 8.93 (s, 2H, H-12 and H-
13), 8.95 (d, J 4.6 Hz, 1H, HB), 9.17 (s, 1H, H-3). >C NMR (75
MHz, CDCl3): 6 = 39.4 (C-4’), 42.3 (C-3’), 55.2 (OCH3), 76.1 (C-

J. Name., 2013, 00, 1-3 | 5
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2’), 104.9 (C-4a’), 114.0 (C-10a’), 116.0, 116.6 (C-3”,5”), 120.4
(C-7’), 121.1, 121.4, 121.6 (C-2”,6”), 123.0, 123.6 (C-10’),
126.5, 126.6, 126.7, 127.6, 127.7 (Cm,p-Ph), 128.7 (C-9’), 131.5
(C-8), 132.3, 132.6, 132.7 (CB), 133.6, 133.7, 134.4, 134.5,
135.3 (Co-Ph), 142.4 (C-2), 142.6, 142.7, 142.8 (C-1), 145.7 (C-
1”), 150.3, 150.4, 150.5, 150.6, 150.7, 150.9 (C-10, C-11, C-14,
C-15), 152.8 (C-6a’), 156.1 (C-4”), 161.4 (C-10b’), 162.3 (C-5').
UV/vis (CHCl3): Amax (log €): 424 (4.93), 555 (4.57), 595 (4.55)
nm. HRMS (ESI+): m/z [M+H]+ calcd. for CgzHsoN404Zn:
983.2498; found: 983.2495.

{2-(4-(4-Methoxyphenyl)-5-ox0-2,3,4,5-tetrahydro-2H-
pyrano[3,2-clchromen-2-yl)-5,10,15,20-
tetraphenylporphyrinato}zinc(ll) (6b.2)

'H NMR (500 MHz, CDCl5): & = 2.42 (dt, J 14.4, 11.0 Hz, 1 H, H-
3’), 2.91 (m, 1H, H-3’), 3.73 (s, 3H, OCH3), 3.78 (d, J 5.4 Hz, 1H,
H-4’), 5.24 (br d, J 11.0 Hz, 1H, H-2’), 6.80 (d, J 8.6 Hz, 2H, H-
3”,5”), 7.18 (d, J 8.6 Hz, 2H, H-2”,6"), 7.22 (d, J 7.2 Hz, 1H, H-
9’), 7.33-7.36 (m, 2H, m,p-Ph-20, H-7’), 7.53 (td, J 7.2, 1.3 Hz,
1H, H-8"), 7.77-7.81 (m, 12H, 11H m,p-Ph and H-10’), 8.18-8.21
(m, 7H o-Ph), 8.26-8.29 (m, 1H, 0-Ph-20), 8.74 (d, J 4.7 Hz, 1H,
HPB), 8.90 (d, J 4.7 Hz, 1H, HB), 8.92 (d, J 4.7 Hz, 1H, HPB), 8.94 (s,
2H, HB, H-12 and H-13), 8.96 (d, J 4.7 Hz, 1H, HB), 9.17 (s, 1H,
H-3). >C NMR (75 MHz, CDCl3): & = 30.9 (C-4’), 38.7 (C-3’), 51.8
(OCH3), 68.1 (C-2’), 101.5 (C-4a’), 114.0 (C-102’), 116.0, 116.5
(Cc-3”,5”), 120.5 (C-7’), 121.1, 121.3, 122.5 (C-2",6"), 123.6 (C-
10’), 126.4, 126.5, 126.6, 126.7 (Cm,p-Ph), 127.6, 127.7 (C-9’),
131.2 (C-8’), 132.2, 132.3, 132.4, 132.6 (CB), 133.5, 134.4,
134.5 (Co-Ph), 142.3 (C-2), 142.5, 142.7, 142.8 (C-1), 145.6 (C-
1”), 150.2, 150.4, 150.5, 150.6, 150.7, 150.9 (C-10, C-11, C-14,
C-15), 152.4 (C-6a’), 157.5 (C-4”), 163.3 (C-10b’), 167.7 (C-5').
UV/vis (CHCI3): Ay (log €): 423 (4.93), 554 (4.58), 595 (4.55)
nm. HRMS (ESI+): m/z [M+H]+ calcd. for CgzHsoN404Zn:
983.2498; found: 983.2497.

{2-(4-(2-Chlorophenyl)-5-oxo-2,3,4,5-tetrahydro-2H-
pyrano[3,2-clchromen-2-yl)-5,10,15,20-
tetraphenylporphyrinato}zinc(ll) (6¢.1)

'H NMR (500 MHz, CDCl5): & = 2.61 (dt, J 14.4, 11.7 Hz, 1H, H-
3’), 3.04 (dd, J 14.5, 6.4 Hz, 1 H, H-3’), 4.07 (dd, J 11.5, 6.6 Hz,
1H, H-4’), 5.33 (br d, J 11.7 Hz, 1H, H-2’), 7.19-7.24 (m, 5H, H-
3”,4”,5”,6”, H-9’), 7.35 (dd, J 8.5, 0.6 Hz, 1H, H-7’), 7.39-7.41
(m, 1H, m,p-Ph-20), 7.55 (ddd, J 8.5, 7.2, 1.5 Hz, 1H, H-8’),
7.72-7.81 (m, 11H, m,p-Ph), 7.83 (dd, J 8.0, 1.4 Hz, 1H, H-10’),
8.15-8.23 (m, 7H, 0-Ph), 8.28 (d, J 7.2 Hz, 1H, 0-Ph-20), 8.75 (d,
J 4.6 Hz, 1H, HB), 8.87 (d, J 4.6 Hz, 1H, HP), 8.89 (d, J 4.6 Hz, 1H,
HPB), 8.93 (s, 2H, H-12 and H-13), 8.94 (d, J 4.6 Hz, 1H, HPB), 9.09
(s, 1H, H-3). *C NMR (75 MHz, CDCl3): & = 36.4 (C-4’), 37.8 (C-
3’), 75.8 (C-2’), 102.7 (C-4a’), 115.9 (C-10a’), 119.7, 120.0 (C-
5”), 120.3 (C-7’), 121.0, 121.3, 121.6 (C-3” and C-6”), 123.1,
123.8 (C-10), 126.4, 126.5, 126.6, 127.8 (Cm,p-Ph), 127.6,
127.7 (C-4”), 128.6 (C-9’), 131.7, 131.8 (C-8’), 132.3, 132.6,
133.0 (CB), 133.7, 133.8, 134.3, 134.4, 134.6 (Co-Ph), 136.7 (C-
2”), 142.2 (C-2), 142.5, 142.6, 142.7 (C-1), 145.6 (C-1”), 150.2,
150.4, 150.5, 150.6, 150.7, 150.9 (C-10, C-11, C-14, C-15),
152.7 (C-6a’), 161.8 (C-10b’), 162.4 (C-5’). UV/vis (CHCl3): Amax

6| J. Name., 2012, 00, 1-3

(log €): 422 (5.75), 548 (4.60), 593 (4.51) nm. HRMS (ESI+): m/z
[M+H]+ calcd. for Cs,H34CIN,O3Zn: 987.2002; found: 987.2006.

{2-(4-(2-Chlorophenyl)-5-ox0-2,3,4,5-tetrahydro-2H-
pyrano[3,2-c]lchromen-2-yl)-5,10,15,20-
tetraphenylporphyrinato}zinc(ll) (6c.2)

'H NMR (500 MHz, CDCls): & = 2.67 (dd, J 14.4, 11.1 Hz, 1H, H-
3’), 3.56-3.61 (m, 1H, H-3"), 4.22 (d, J 5.9 Hz, 1H, H-4’), 5.05 (br
d, J 11.1 Hz, 1H, H-2’), 7.16-7.30 (m, 5H, H-3",4”,5”,6”, H-9’),
7.36 (d, J 8.3 Hz, 1H, H-7°), 7.41-7.47 (m, 1H, p-Ph-20), 7.53
(ddd, J 8.3, 7.0, 1.5 Hz, 1H, H-8’), 7.70-7.80 (m, 12H, 11H-m,p-
Ph, H-10’), 8.16-8.25 (m, 7H, 0-Ph), 8.25-8.28 (m, 1H, o-Ph-20),
8.76 (d, J 4.7 Hz, 1H, HB), 8.91 (d, J 4.7 Hz, 1H, HB), 8.95 (s, 3H,
HB, H-12 and H-13), 8.97 (d, J 4.7 Hz, 1H, HB), 9.15 (s, 1H, H-3).
13C NMR (75 MHz, CDCls): & = 31.9 (C-4"), 36.5 (C-3'), 76.4 (C-
2’), 101.0 (C-4a’), 116.5 (C-10a’), 119.4 (C-5"), 120.2 (C-7’),
121.3, 121.4 (C-3” and C-6"), 123.3 (C-10’), 126.3, 126.4, 126.5
(Cm,p-Ph), 127.2, 127.4 (C-4”), 128.4 (C-9’), 130.6, 130.7 (C-8’),
132.3, 132.4, 132.5 (CP), 134.4, 134.5, 134.6, 134.8 (Co-Ph),
136.0 (C-2”), 141.4 (C-2), 142.6, 142.7 (C-1), 145.1 (C-1”),
150.0, 150.1, 150.4, 150.5, (C-10, C-11, C-14, C-15), 151.2 (C-
6a’), 161.3 (C-10b’), 162.6 (C-5’). UV/vis (CHCI3): A, .« (log €):
421 (5.73), 547 (4.60), 591 (4.50) nm. HRMS (ESI+): m/z
[M+H]+ calcd. for Cs,H39CIN,O3Zn: 987.2002; found: 987.2004.

{2-(4-(5-Nitrothiophen-2-yl)-5-oxo0-2,3,4,5-tetrahydro-2H-
pyrano[3,2-c]lchromen-2-yl)-5,10,15,20-
tetraphenylporphyrinato}zinc(ll) (6d.1)

'H NMR (500 MHz, CDCl5): & = 2.51 (dt, J 13.6, 11.2 Hz, 1 H, H-
3’), 3.03 (ddd, J 13.6, 6.4, 1.5 Hz, 1 H, H-3"), 4.05 (dd, J 11.2, 6.4
Hz, 1H, H-4’), 5.31 (br d, J 13.6 Hz, 1H, H-2’), 6.90 (d, J 4.3 Hz,
1H, H-2”), 7.23-7.28 (m, 1H, H-9’), 7.38 (d, J 8.5 Hz, 1H, H-7’),
7.41-7.43 (m, 1H, m,p-Ph-20), 7.58 (ddd, J 8.5, 7.2, 1.5 Hz, 1H,
H-8’), 7.69 (d, J 4.3 Hz, 1H, H-3”), 7.73-7.81 (m, 11H, m,p-Ph),
7.82 (dd, J 8.1, 1.5 Hz, 1H, H-10’), 8.17-8.23 (m, 7H, o-Ph),
8.27-8.29 (m, 1H, o-Ph), 8.73 (d, J 4.6 Hz, 1H, HP), 8.90 (d, J 4.6
Hz, 1H, HB), 8.93 (d, J 4.6 Hz, 1H, HP), 8.94 (s, 2H, H-12 and H-
13), 8.97 (d, J 4.6 Hz, 1H, HB), 9.18 (s, 1H, H-3). >C NMR (75
MHz, CDCl;): 6§ = 36.1 (C-4’), 42.1 (C-3’), 76.1 (C-2’), 102.7 (C-
43’), 115.4 (C-10a’), 116.8 (C-7’), 123.2 (C-10’), 124.0 (C-2"),
126.5, 126.6, 126.7, 127.7, 127.8 (Cm,p-Ph), 127.0 (C-9’),
128.7,128.8 (C-3”), 131.9, 132.4, 132.5, 132.6 (C-8’, CB), 133.7,
134.3, 134.4, 134.5 (Co-Ph), 141.3 (C-2), 142.4, 142.6 (C-1),
149.1 (C-1”), 152.9 (C-6a’), 156.1 (C-4”), 161.1 (C-10b’), 162.8
(C-5’). UV/vis (CHCl3): A (log €): 420 (5.72), 547 (4.59), 596
(4.50) nm. HRMS (ESI+): m/z [M+H]+ calcd. for CgoH37N5O5SZn:
1004.1807; found: 1004.1801.

{2-(4-(5-Nitrothiophen-2-yl)-5-oxo0-2,3,4,5-tetrahydro-2H-
pyrano[3,2-c]lchromen-2-yl)-5,10,15,20-
tetraphenylporphyrinato}zinc(ll) (6d.2)

'H NMR (500 MHz, CDCl5): & = 2.88 (dt, J 14.0, 11.8 Hz, 1 H, H-
3’), 3.17-3.21 (m, 1 H, H-3’), 4.53 (d, J 5.3 Hz, 1H, H-4’), 5.31
(dd, J 11.8, 1.5 Hz, 1H, H-2"), 6.70 (dd, J 4.2, 0.7 Hz, 1H, H-2"),
7.29-7.32 (m, 1H, H-9’), 7.39 (dd, J 8.3, 0.5 Hz, 1H, H-7), 7.51-
7.52 (m, 1H, m,p-Ph-20), 7.54 (ddd, J 8.3, 7.1, 1.4 Hz, 1H, H-8’),
7.72-7.79 (m, 11H, m,p-Ph), 7.85 (d, J 7.5 Hz, 1H, H-10’), 7.89
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(d, J 4.2 Hz, 1H, H-3"), 8.17-8.23 (m, 7H, o-Ph), 8.34-8.36 (m,
1H, o-Ph), 8.57 (d, J 4.7 Hz, 1H, HP), 8.86 (d, J 4.7 Hz, 1H, HB),
8.92 (d, J 4.7 Hz, 1H, HB), 8.93 (s, 2H, H-12 and H-13), 8.96 (d, J
4.7 Hz, 1H, HB), 9.16 (s, 1H, H-3). 3C NMR (75 MHz, CDCly): & =
32.7 (C-4’), 35.2 (C-3'), 69.9 (C-2’), 100.4 (C-4a’), 115.1 (C-10a’),
116.9 (C-7'), 123.3 (C-10’), 123.9 (C-2”), 126.3, 126.6, 127.7,
127.8 (Cm,p-Ph), 126.5 (C-9’), 128.5, 128.8 (C-3”), 131.8, 132.4,
132.5, 132.9 (C-8, CB), 133.5, 134.3, 134.4 (Co-Ph), 141.7 (C-
2), 142.4, 142.7 (C-1), 147.0 (C-1”), 152.9 (C-6a’), 156.0 (C-4”),
161.6 (C-10b’), 162.2 (C-5'). UV/vis (CHCl3): Amax (log €): 422
(5.71), 547 (4.60), 595 (4.50) nm. HRMS (ESI+): m/z [M+H]+
calcd. for CgoH37N5055Zn: 1004.1807; found: 1004.1804.

{2-(4-(4-Pyridinyl)-5-ox0-2,3,4,5-tetrahydro-2H-pyrano[3,2-
clchromen-2-yl) 5,10,15,20-tetraphenylporphyrinato}zinc(ll)
(6e.1)

'H NMR (500 MHz, CDCl5): & = 2.36 (dt, J 14.2, 11.6 Hz, 1H, H-
3’),2.92 (ddd, J 14.2, 6.4, 1.4 Hz, 1H, H-3’), 3.91 (dd, J 11.6, 6.4
Hz, 1H, H-4’), 5.31 (br d, J 11.6 Hz, 1H, H-2’), 7.22-7.30 (m, 1H,
H-9’), 7.37 (dd, J 8.4, 0.6 Hz, 1H, H-7’), 7.42 (dd, J 8.9, 1.9 Hz,
2H, H-2”,6”), 7.43-7.45 (m, 1H, p-Ph-20), 7.58 (ddd, J 8.4, 7.3,
1.6 Hz, 1H, H-8’), 7.73-7.85 (m, 12H, 11H m,p-Ph, H-10’), 8.14
(dd, J 8.9, 1.9 Hz, 2H, H-3”,5”), 8.18-8.23 (m, 7H, o-Ph), 8.27-
8.31 (m, 1H, o-Ph), 8.74 (d, J 4.7 Hz, 1H, HB), 8.91 (d, J 4.7 Hz,
1H, HP), 8.92 (d, J 4.7 Hz, 1H, HP), 8.94 (s, 2H, H-12 and H-13),
8.96 (d, J 4.7 Hz, 1H, HB), 9.18 (s, 1H, H-3). *C NMR (75 MHz,
CDCl;): & = 40.1 (C-4’), 41.6 (C-3’), 76.2 (C-2’), 103.3 (C-4a’),
115.6 (C-10a’), 120.1 (C-7’), 121.2, 121.5, 121.8 (C-2”,6"),
123.9, 124.1 (C-10’), 126.5, 126.6, 126.7, 127.9, 127.6, 127.7
(Cm,p-Ph), 128.7 (C-9’), 131.8, 132.1 (C-8'), 132.3, 132.4,
132.5, 132.6 (CP), 134.3, 134.4, 134.5 (Co-Ph), 142.4 (C-2),
142.7 (C-1), 145.3 (C-1”), 150.3, 150.5, 150.6, 150.7, 150.8,
150.9 (C-10, C-11, C-14, C-15), 151.2 (C-3”,5”), 152.8 (C-6a’),
161.4 (C-10b’), 163.0 (C-5’). UV/vis (CHCl3): Ay (log €): 422
(4.95), 544 (4.56) nm. HRMS (ESI+): m/z [M+H]+ calcd. for
Cg1H39N503Zn: 954.2344; found: 954.2349.

{2-(4-(4-Pyridinyl)-5-ox0-2,3,4,5-tetrahydro-2H-pyrano[3,2-
clchromen-2-yl) 5,10,15,20-tetraphenylporphyrinato}zinc(ll)
(6e.2)

'H NMR (500 MHz, CDCl3): & = 2.78 (dd, J 14.5, 11.0 Hz, 1H, H-
3’), 3.24 (m, 1H, H-3"), 4.42 (d, J 5.4 Hz, 1H, H-4"), 5.41 (dd, J
11.0, 1.5 Hz, 1H, H-2’), 7.22 (dd, J 8.7, 1.8 Hz, 2H, H-2",6"),
7.34-7.38 (m, 1H, H-9’), 7.40 (dd, J 8.4, 0.8 Hz, 1H, H-7’), 7.53-
7.57 (m, 1H, m,p-Ph-20), 7.62 (ddd, J 8.4, 7.1, 1.3 Hz, 1H, H-8’),
7.72-7.80 (m, 12H, 11H m,p-Ph and H-10’), 8.17-8.23 (m, 7H, o-
Ph), 8.25 (dd, J 8.7, 1.8 Hz, 2H, H-3”,5”), 8.38-8.41 (m, 1H, o-
Ph), 8.54 (d, J 4.7 Hz, 1H, HB), 8.85 (d, J 4.7 Hz, 1H, HP), 8.91 (d,
1 4.7 Hz, 1H, HB), 8.93 (s, 2H, H-12 and H-13), 8.95 (d, J 4.7 Hz,
1H, HB), 9.15 (s, 1H, H-3). **C NMR (75 MHz, CDCls): & = 29.7
(C-4’), 30.9 (C-3’), 69.2 (C-2’), 100.6 (C-4a’), 115.3 (C-10a’),
116.8 (C-7’), 121.3, 121.5, 121.7 (C-2”,6"), 123.8, 123.9 (C-10’),
126.5, 126.6, 126.7, 127.7, 127.8 (Cm,p-Ph), 129.0 (C-9’),
131.8, 132.1 (C-8’), 132.3, 132.4, 132.9, 133.1, 133.4 (CB),
134.3, 134.4, 134.7 (Co-Ph), 142.4 (C-2), 142.6 (C-1), 145.9 (C-
1”), 150.1, 150.6, 150.7, 150.8 (C-10, C-11, C-14, C-15), 151.3
(C-3”,5”), 152.9 (C-6a’), 161.9 (C-10b’), 162.3 (C-5’). UV/vis
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(CHCI3): Amax (log €): 423 (4.95), 545 (4.55) nm. HRMS (ESI+):
m/z [M+H]+ caled. for CgiH3gNsOsZn: 954.2344; found:
954.2345.

{2-(4-(3-Bromophenyl)-5-ox0-2,3,4,5-tetrahydro-2H-
pyrano[3,2-clchromen-2-yl)-5,10,15,20-
tetraphenylporphyrinato}zinc(ll) (6f.1)

'H NMR (500 MHz, CDCls): 6 = 2.93 (dd, J 14.3, 11.5 Hz, 1 H, H-
3’), 3.82 (dd, J 14.3, 6.5 Hz, 1 H, H-3’), 4.00-4.10 (m, 1H, H-4’),
5.24 (br d, J 11.5 Hz, 1H, H-2’), 7.14-7.23 (m, 3H, H-5”, H-6"
and H-9’), 7.35 (d, J 8.1 Hz, 1H, H-7’), 7.38-7.42 (m, 1H, m,p-Ph-
20), 7.54 (t, J 8.1 Hz, 1H, H-8"), 7.59-7.63 (m, 2H, H-2” and H-
4”), 7.71-7.83 (m, 12H, 11H m,p-Ph and H-10’), 8.15-8.25 (m,
8H, 0-Ph), 8.25-8.31 (m, 1H, o-Ph), 8.74 (d, J 4.7 Hz, 1H, HB),
8.90 (d, J 4.7 Hz, 1H, HB), 8.92 (d, J 4.7 Hz, 1H, HB), 8.94 (s, 2H,
H-12 and H-13), 8.96 (d, J 4.7 Hz, 1H, HPB), 9.18 (s, 1HP, H-3).
13C NMR (75 MHz, CDCls): & = 39.9 (C-4’), 42.0 (C-3'), 74.6 (C-
2’), 103.7 (C-4a’), 115.4 (C-10a’), 116.7 (C-7°), 121.7, 122.0,
123.7,123.9 (C-2” and C-6"), 122.7,122.9 (C-10’), 125.3 (C-4”),
126.5, 126.6, 126.8, 127.0 (Cm,p-Ph), 128.0, 128.2 (C-9’),
129.6, 129.7, 129.9, 130.2 (C-5”), 130.9, 131.1, 131.8, 132.3,
132.5 (C-8’, CB), 134.5, 134.6, 135.3, 135.5 (Co-Ph), 142.7 (C-
1), 145.2 (C-2), 150.7 (C-1"), 152.8 (C-6a’), 161.3 (C-10b’),
163.2 (C-5’). UV/vis (CHCI3): Apay (log €): 420 (4.98), 544 (4.58)
nm. HRMS (ESI+): m/z [M+H]+ calcd. for Cg,H39BrN,O5Zn:
1031.1497; found: 1031.1494.

{2-(4-(3-Bromophenyl)-5-ox0-2,3,4,5-tetrahydro-2H-
pyrano[3,2-clchromen-2-yl)-5,10,15,20-
tetraphenylporphyrinato}zinc(ll) (6f.2)

'H NMR (500 MHz, CDCl3): 6 = 2.77 (dd, J 14.6, 11.3 Hz, 1H, H-
3’), 3.11 (dd, J 14.3, 5.9 Hz, 1 H, H-3’), 4.53 (d, J 5.9 Hz, 1H, H-
4’), 5.47 (br d, J 11.3 Hz, 1H, H-2’), 7.00-7.17 (m, 3H, H-5", H-
6” and H-9’), 7.35 (d, J 8.3, 0.8 Hz, 1H, H-7’), 7.37-7.46 (m, 1H,
m,p-Ph-20), 7.51 (dd, J 8.3, 7.9 Hz, 1H, H-8’), 7.57-7.63 (m, 2H,
H-2” and H-4”), 7.70-7.83 (m, 12H, 11H m,p-Ph and H-10’),
8.14-8.27 (m, 8H, o-Ph), 8.34-8.41 (m, 1H, o-Ph), 8.57 (d, J 4.7
Hz, 1H, HB), 8.84 (d, J 4.7 Hz, 1H, HB), 8.89 (d, J 4.7 Hz, 1H, HB),
8.92 (s, 2H, H-12 and H-13), 8.95 (d, J 4.7 Hz, 1H, HB), 9.15 (s,
1HB, H-3). *C NMR (75 MHz, CDCls): § = 29.7 (C-4’), 31.9 (C-3’),
65.7 (C-2’), 100.7 (C-4a’), 115.8 (C-10a’), 116.7 (C-7’), 122.7,
122.9, 123.7, 123.8 (C-2” and C-6”), 123.0, 123.2 (C-10’), 125.6
(C-4”), 126.5, 126.6, 126.7, 126.9, 127.0 (Cm,p-Ph), 128.5,
128.6 (C-9’), 129.6, 129.7, 129.9 (C-5”), 130.2, 131.1, 131.8,
132.3, 132.4 (C-8’, CB), 133.7, 134.3, 134.4, 134.5 (Co-Ph),
142.3, 142.7 (C-1), 145.7 (C-2), 150.5 (C-1”), 152.8 (C-6a’),
161.3 (C-10b’), 162.4 (C-5’). UV/vis (CHCl3): Anax (log €): 420
(4.97), 546 (4.58) nm. HRMS (ESI+): m/z [M+H]+ calcd. for
CezH39BrN,03Zn: 1031.1497; found: 1031.1490.

C. Conclusions

This study has shown that complex reactions such as the
sequence of Knoevenagel and hetero-Diels-Alder reactions of
2-vinyl-5,10,15,20-tetraphenylporphyrinato zinc(ll) (2) with a-
methylenechromane derivatives obtained from

J. Name., 2013, 00, 1-3 | 7



RSC/Advances

can be successfully
leading to

macrocycles containing the coumarin moiety at the B-pyrrolic

hydroxycoumarin and aldehydes

performed using the ohmic heating reactor,

positions. Six new coumarinylporphyrin derivatives and their
respective diastereoisomers were isolated. When compared to
the conventional heating, the use of ohmic heating in these
reactions led to a significant reduction of the reaction time,
cleaner reaction mixtures and higher yields and selectivities.
Moreover, atom economy was observed for the reactions
carried out in the ohmic heating reactor since a second
addition of aldehyde and coumarin was not necessary under
these conditions. Furthermore, the use of water or of an
aqueous solution as solvent facilitates the workup and product
isolation over traditional solvents.
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