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Abstract The rationalisation of the influence of acidity and pore
size of several solid oxides in order to selectively act as support
for preparation of encapsulated porphyrin hybrid materials or as
catalyst for synthesis of porphyrins in solution is here discussed.
Encapsulated porphyrin yields are dependent on both the acidity
and the material pore size, being AI-MCM-41 the best fitting
solid, with Lewis acidity of 120 pmol Py/g and pore size 30 A.
On the other hand, when the goal is the synthesis of hindered
mesoarylporphyrins in solution, the best solid porous catalyst is
NaY, with Lewis acidity of 510 pmol Py/g and pore size 14 A.
This method provides an appealing efficient, reusable and
scalable catalyst alternative for one-pot synthesis of meso-
arylporphyrins in high yields.

Porphyrins are ubiquitous in nature, and have even been
considered the crucial elements for the continuity of life on our
planet." These intriguing molecules have attracted the allure of
chemists since the pioneering work of Fischer on isolation of
natural porphyrins.?> The limited number of natural porphyrins
compared with their multitude of applications (medicine,
catalysis, materials, energy, environment, etc) has stimulated the
development of new synthetic methodologies for both the natural
type f-substituted porphyrins and non-natural meso-substituted
ones. Since the preparation of beta-substituted porphyrins
requires many steps, the most useful compounds for large scale
applications are undoubtedly the
Following from the ground-breaking work of Rothemund in
1935,° two main routes to the synthesis of meso-substituted
porphyrins have been followed: i) one-pot synthesis involving
acid catalysed condensation/cyclisation of pyrrol with the desired
aldehydes into the porphyrinogen followed by direct oxidation
into the porphyrin, either by air (Adler-Longo method)* or
nitrobenzene’; ii) two step synthesis, involving acid catalysed
condensation/cyclisation into porphyrinogen, followed by
oxidation with high potential quinones, in a separate step.’
Despite the higher yields obtained by the latter approach, the high
dilutions (~0.01 M) and expensive oxidants required hamper the
use of this methodology in large scale implementation. Thus, for
both industry and fundamental studies, the one-pot approach to
porphyrin synthesis is normally the method of choice (~0.1 M),

meso-substituted  ones.
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with the nitrobenzene route being that most used for obtaining
pure crystals of meso-2,6-disubstituted phenyl halogenated
porphyrins, directly from reaction mixture (negligible chlorin
contamination). Since meso-(2,6-difluorophenyl)porphyrin and
meso-(2,6-dichlorophenyl)porphyrin show extraordinary
properties, for instance as precursor for near infrared sensitizers
for photodynamic therapy (PDT)’ and catalytic oxidations,® there
is still the need for alternative synthetic methodologies.

Solid catalysts show considerable potential in this area. It is well
established that the pK, and type of acid (organic>® or solid’-
Lewis or Brensted) are determining factors for efficient pyrrol
and aldehyde condensation. Additionally, there are also examples
of the use of solid acids to promote ship-in-a-bottle porphyrin
synthesis and of the use of these porous materials in
photocatalysis.'*'> However, quantitative data is lacking, and, to
the best of our knowledge, no attempts have been made to
correlate overall meso-arylporphyrin yields with parameters such
as pore size/acidity.

In this communication, we establish the correlation between
influence of acidity and pore size of several solid oxides and the
yields of encapsulated porphyrin hybrid materials or hindered
meso-arylporphyrins prepared from one-pot synthesis. In a typical
experiment, equimolar of pyrrole and 2,6-
difluorobenzaldehyde (model compound) were mixed in glacial
acetic acid and nitrobenzene (7:5) at 130 °C for ca. 2 hours, in 0.1
molar concentration, using selected porous material as catalysts
(NaY, Si-MCM-41, AI-MCM-41, Si-SBA-15 and Al-SBA-15)
(Scheme 1). Isolated yields of  meso-tetra-2,6-
difluorophenylporphyrin (TDFPP) in both solution and
encapsulated are presented in Table 1. Remarkably, we found that
isolated product yields are strongly dependent on: i) presence of
aluminium in solid material (acidity); ii) material pore size. The
adsorption of pyridine (Py) followed by infrared spectroscopy
(see ESI) was used to correlate the isolated porphyrin yield with
the acidity of the porous materials (essentially Lewis acid sites),
and the results are presented on Table 1. A broad range of acidity
values was obtained from 510 pmol Py/g for NaY, to 0 pmol Py/g
for both Si-MCM-41 and Si-SBA-15.

Additionally, we determined the quantity of encapsulated TDFPP
using thermogravimetry—differential scanning calorimetry (TG-

amounts
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DSC), where samples where heated from 25-800 °C (heating rate
10 °C/min) and the weigh losses recorded. The values for yields
of encapsulated porphyrin were then calculated based on the
amount of organic material decomposed (Table 1 and ESI).

Mesoporous support l/ \/ Microporous
(Al- and Si-MCM-41; N support
Al-and Si-SBA-15) H (NaY)
+
+ Acetic acid/ Acetic acid/
nitrobenzene ﬁ nitrobenzene
R
~
o :
VoNH N i
< F. F
R%\\NHN/Rpl\ ‘\ ‘\
= = =
Q) P F F FOF F ol <l
TOFPP TFPP TPFPP. TocRP
Schemel

Table 1 Parameters of the different catalytic supports and porphyrin yields.
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A significant effect of the Lewis acidity of the solid oxides on
porphyrin yield isolated from the solution was observed, with
NaY (510 umol Py/g) being the best solid porous oxide (entry 1,
Table 1 and Fig. 1). Moreover, we found that encapsulated
porphyrin yields were dependent on both the Lewis acidity and
also the material pore size (Table 1 and Fig 1) where the best
yields were obtained with AI-MCM-41 (higher Lewis acidity
among mesoporous solids- 120 umol Py/g), which has the best
porphyrin fitting pore size (30 A). This could be probably due to
the fact that a material with larger pores (SBA-15 — 80 A) might
allow outside porphyrin migration through the channels, while a
smaller pore material (MCM-41 — 30 A) would better limit
porphyrin diffusion within the channels.

. Yield Yield Yield
0,
. Lewis Yield TDFPP (%) TFPP (%)  TPFPP(%)  TDCPP (%)
Pore size g
Support (A) acidity
1P
(umol Py/g) In solution” Encapsulated® In solution” In solution” In solution”
1 NaY 14 (7.4)* 510 23+2.0 ~0 30+2.0 17£1.0 6+0.7
2 Al-MCM-41 30 120 5.2+1.0 54 - - -
3 Si-MCM-41 30 0 1.8+0.4 29 - - -
4 Al-SBA-15 80 105 3.6+0.4 46 - - -
5 Si-SBA-15 30 0 1.0+0.3 17 - - -
nitrobenzene 13 14 s 14
6 method - - 9 18 8 3

*Window opening; "Calculated based on the initial amount (mmol) of pyrrol used and the obtained amount (mmol) of purified porphyrin. (each experiment
was repeated 5 times); ‘Calculated based on the amount of organic material decomposed between 250 and 800°C, as determined by thermogravimetric

analysis (see ESI) and initial amount of pyrrol used.
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Fig. 1 TDFPP yields against support Lewis acidity.

The diffuse reflectance (DRS)-UV-vis and luminescence spectra
of all the solids were also recorded, and selected results for
TDFPP-AI-MCM-41 and TDFPP-NaY are presented in Fig. 2a
and 2b, respectively.'®
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Fig. 2 DRS-UV-vis reflectance spectra (a) and solid-state emission
spectra (Aexc=415 nm) (b) of TDFPP (inset - black line), TDFPP-NaY
and TDFPP-AI-MCM-41.

The DRS-UV-vis absorption spectrum of TDFPP-AI-MCM-41
shows the characteristic Soret band at A,,,= 427 nm together with
other bands at A,,= 550 and 659 nm, and show a 7 nm red shift
when compared with TDFPP in solid state (Fig. 2a). Although
this may partially be affected by the refractive index of the
porous host, this is probably mainly due to the fact that the
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porphyrins are inside the mesoporous structure and subject to
some constraints/interactions with support cavity. This may lead
to some distortion of the macrocycle compared with its behaviour
in solution, favouring a lower energy configuration of the
arylporphyrins.'® In contrast, DRS-UV-Vis absorption spectrum
of TDFPP-NaY did not show either the characteristic Soret band
of the porphyrins or the typical Q-bands. Only a band at Ay,,=
502 nm was observed, typical of a dipyrrylmethene, as previously
been reported by us and by Corma.'®!! This may be attributed to
the small size of the cavities of zeolite NaY (14 A), which
precludes the formation of the porphyrin macrocycle. In addition,
the luminescence spectra of immobilised TDFPP-AI-MCM-41
and TDFPP-NaY were recorded with excitation at 415 nm (Fig.
2b). The emission spectra observed for TDFPP-AI-MCM-41
presents the typical bands at 660 nm and 720 nm, very similar
(662 and 715 nm) to the TDFPP in solid state (Fig. 2b inset),
which indicates the presence of TDFPP inside the pores of Al-
MCM-41. The yield of TDFPP was calculated based on the
amount of organic material decomposed between 250 and 800°C
(Table 1), which could also include acyclic oligomeric materials,
typical from porphyrin synthesis. We assume the sole presence of
TDFPP inside the pores, based on the emission spectra similarity
for TDFPP and TDFPP-AI-MCM-41 (Fig. 2b); however, this
does not exclude the minor presence of encapsulated
oligopyrroles. Further studies are currently underway to clarify
this issue. Since NaY is the best performing Lewis acid as
catalyst in the condensation of pyrrol with 2,6-
difluorobenzaldehyde, the study was extended to the synthesis of
the other sterically hindered meso-arylporphyrins, namely meso-

tetrakis(2-fluorophenyl)porphyrin (TFPP), meso-
tetrakis(2,3,4,5,6-pentafluorophenyl)porphyrin ~ (TPFPP)  and
meso-tetrakis(2,6-dichlorophenyl)porphyrin ~ (TDCPP)  under

similar reaction conditions. Results are also presented on Table 1.
As previously observed with other catalysts*® the isolated yields
are strongly dependent on the aldehyde structure (TFPP-30 %,
TPFPP-17 % and TDCPP-6 %). It should be noted that this new
approach for one pot meso-halogenated substituted porphyrin
synthesis gave a twofold increase in yields, compared with the
original nitrobenzene method'*'® (Table 1). The scalability of
this approach is also an important matter, and all experiments
were repeated using 60 mmol benzaldehyde (~50 x higher scale)
with similar yields obtained.

Application of this method as a real practical alternative to
synthesis of hindered porphyrins requires the validation of NaY
as a potential green catalyst: This was achieved by evaluating its
reutilization in the synthesis of TDFPP; and after the first cycle,
the NaY was recovered by filtration and washed with chloroform
and tetrahydrofuran, following by solid drying overnight, at 150
°C, under vacuum. The reactivated solid was used in second,
third, fourth and fifth cycles, following the same reactivation
procedure in-between cycles and similar isolated yields have been
obtained (Fig. 3).

55

=Y
a

-
S

%
=3

100

105

Isolated yield in TDFPP (%)

0

1 2 3 4 5
Number of cycles in NaY reutilisation

Fig. 3 Reutilisation of NaY on the synthesis of TDFPP.

It is worth mentioning that a reutilisation experiment, in which
the catalyst was used without reactivation, gave just 12 % yield,
similar to that obtained using the nitrobenzene method alone,"*
suggesting that the NaY voids were mostly occupied by organic
materials, blocking the catalyst acid sites.

To conclude, the tested solid porous oxides act as supports for
preparation of encapsulated porphyrin hybrid materials or as
catalysts for synthesis of porphyrins in solution, rationalised by
the influence of acidity and pore size of the solid oxides in
selectively use of their ability. An MCM-41 type material (Lewis
acidity of 120 umol Py/g and pore size 30 A) was found to be the
best solid to promote the synthesis of encapsulated porphyrins,
while NaY (Lewis acidity of 510 umol Py/g and pore size 14 A)
was the best one to act as an efficient reusable catalyst for one-
pot synthesis of meso-porphyrins, with potential for scaling up for
large scale preparation of these important compounds. It should
be noted that yields typically have a twofold increase when
compared with literature methods.

This “NaY method” can be recognised as a real practical
alternative to synthesis of porphyrins since, after washing, full
catalytic ability is regained by the porous solid oxide Nay,
confirming its reusability. Further analysis of the scope of this
reaction is underway.
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