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Abstract: A new, self-assembled and self-healing class of metal free, recyclable, heterogeneous Brensted acid catalysts have
been developed by the protonation of aniline derivatives (tetrakis-(4-aminophenyl)methane, leuco-crystal violet, benzidine
and p-phenylenediamine) with aromatic sulfonic acids (tetrakis-(phenyl-4-sulfonic acid)methane, and 2,6-naphthalenedi-
sulfonic acid). As a result, five three-dimensional crystalline organic salts (F-1a, F-1b, F-1c, F-2 and F-3) were obtained,
linked by hydrogen bonds and additionally stabilized by the opposite charges of the components. Frameworks F-2 and F-3
were prepared for the first time and characterized by elemental analysis, X-ray structural analysis (for F-2), thermogravim-
etry, SEM, and FTIR spectroscopy. The catalytic activities of crystalline organic salts F-1-3 have been explored in industrially
important epoxide ring-opening and acetal formation reactions. The presence of encapsulated water inside frameworks F-
1a and F-2 had an inhibitory effect on the performance of the catalysts. X-ray diffraction analysis of hydrated and dehydrated
samples of F-1a and F-2 indicated that water of crystallization served as a cross-linking agent diminishing the substrate
induced “breathing” affinities of the frameworks.

Introduction polymer network and a rapid loss of catalytic activity dur-

Homogeneous catalysis has been a huge success of the
chemicals industry in the 20th century.'3 However, the re-
covery of homogeneous catalysts from the reaction me-
dium at the end of reactions can be difficult. It seemed that
this problem could be solved by immobilizing the catalysts
on solid carriers. Nevertheless, despite numerous attempts
to solve this problem, such catalysts are almost never used
in industry.# The reason for this is the high price of such
catalysts and their generally inferior catalytic performance
as compared to homogeneous analogues. Inherent causes
of the low activity of immobilized catalysts are the entropy
enhanced self-association of catalytic centers on the poly-
meric supports, hindered substrate diffusion within the

ing the chemical process.*

In recent years, crystalline porous covalent organic
frameworks (COFs)>® and metalorganic frameworks
(MOFs)©™ have been discovered and their applications
broadly explored. The performance of their catalytic cen-
ters; either as part of the framework or as a separate entity
embedded into the framework, is greatly enhanced as
COFs and MOFs are free from the disadvantages inherent
in conventional cross-linked polymeric systems.> This is
due to COFs and MOFs having a regular porous structure
so that the location of the key catalytic centers is set at
fixed distances.>*> There are even cases where COF immo-
bilized catalysts outperform their homogeneous analogs.®
Unfortunately, such catalysts are expensive due to
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Scheme 1. Synthesis of 3-D crystalline organic salts F-1b, F-1c, F-2 and F-3.
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the price of the initial materials, and their use is impeded
by the difficulty of their synthesis (especially COFs), and
the low stability of MOFs, the decomposition of which is
accompanied by the leaching of metal ions."

Recently, a new type of framework based on non-cova-
lent supramolecular interactions of components, contain-
ing several hydrogen bond donors and acceptors fixed in
space by hydrogen bonds has been developed. These
frameworks are called HOFs (hydrogen bonded frame-
works)® and they can additionally be stabilized by electro-
static interactions.* The directional hydrogen bonds disfa-
vor close packing of the tectons and thus, generate signifi-
cant pore volumes within the crystals.’>*® An additional ad-
vantage of HOFs is their self-healing properties, as the

frameworks can easily self-reassemble after disassembly
induced by an external stimuli.®®"” This class of materials
are displaying some promising advances in proton conduc-
tivity,'9 gas separation®® and adsorption,* enzyme encap-
sulation®* and even asymmetric synthesis. The burgeon-
ing field has been thoroughly assessed in two recent re-
views.>+>> However, the great potential of HOFs either het-
erogeneous catalysts in their own right, or as a platform for
the attachment of catalytic centers is practically unex-
plored.2+

Our work is directed towards creating a family of crys-
talline heterogeneous supramolecular acid catalysts based
on ionic interactions of the components, supplemented by
hydrogen bonds. They have the advantage of being



obtained by a simple one-step mixing of the components
in water or organic solvents followed by separation of the
formed precipitate. In previous work?® we found that mix-
ing together aqueous solutions of two equivalents of diso-
dium 2,6-naphthalene-disulfonate (NDS) and one equiva-
lent of the tetrahydrochloride of tetrakis(4-aminophe-
nyl)methane (TAPM) at ambient temperature immediately
produced F-1a as a white precipitate. The structure of the
crystalline material was established by single crystal struc-
ture analysis and the framework was found to possess suf-
ficient Bronsted acidity to promote epoxide ring-openings
and a Diels-Alder reaction.?® The study was a preliminary
one, but indicated that even F-1a, which does not possess
significant pores, was able to absorb substrates by rear-
rangement of the matrix via a process called stimuli in-
duced breathing.?” Still, it seemed self-evident that the po-
rosity of a crystalline framework should be an important
factor in making a heterogeneous catalyst much more effi-
cient. In a recent publication, Teng Ben et al. described po-
rous HOFs F-1b and F-1c (Scheme 1) and reported that the
materials had the best proton conductivity values reported
to date for porous materials.” The water of crystallization
was responsible for this phenomena. As Brensted acidity is
a process of proton transfer from an acid to a base, it
seemed highly likely that the combination of porosity and
water content within their framework would be conducive
to the frameworks acting as heterogeneous catalysts.

In this work we have prepared novel crystalline organic
salts F-2 and F-3 (Scheme 1) and studied the catalytic activ-
ities of water saturated and dehydrated F-1a, F-1b, F-1c, F-
2 and F-3 in the ring-opening reactions of styrene oxide by
methanol. Contrary to our expectations the experiments
revealed that the water served as an inhibitor of the cata-
lytic activities of F-1a and F-2, both derived from the tetra-
dentate tecton TAPM. The origin of this phenomena was
traced to the water molecules inside the frameworks func-
tioning as a cross linking agent and decreasing the flexibil-
ity of the matrix. In contrast, the catalytic activity of F-1b,
F-1c and F-3, constructed from tetrakis(4-phenylsulfonic
acid)methane hydrates (TPSM), were relatively insensitive
to hydration due to the relatively minor cross-linking effect
of water inside their matrices. Finally, a simple procedure
for acetal formation, employing the frameworks as recov-
erable heterogeneous Brensted acid catalysts has been de-
veloped.

Results and Discussion

Framework F-1a was prepared as we have previously de-
scribed?® and F-1b,c were synthesized according to the pro-
cedure reported by Teng Ben et al.9 F-2 was made by mix-
ing a solution of TAPM in THF with an aqueous solution of
TPSM and the resulting precipitate was filtered to give F-2
(Scheme 1). Framework F-3 was prepared as a precipitate
when solutions of four equivalents of leuco-crystal violet
(tris(4-dimethylaminophenyl)methane, LCV) in dichloro-
methane and three equivalents of TPSM in methanol were
mixed.

Solid F-2 was insoluble in organic solvents except for
DMSO. A few days after complete dissolution of F-2 in

DMSO, crystals of F-2 spontaneously appeared in the solu-
tion. X-ray diffraction analysis (Figure 1, CCDC2093978)
showed that the unit cell belonging to a tetragonal space
group (P4/n) and contains two TAPM cations, two TPSM
anions and eight molecules of DMSO, so that only one

Figure 1. X-ray structure of a crystal of F-2 grown from DMSO,
illustrating the crystal environment around the cation and the
hydrogen bonds it forms with anions/solvent molecules
(shown as dashed lines). Hydrogen atoms (except those of am-
monium groups) and the minor component of the disordered
anion are omitted for clarity. Non-hydrogen atoms are shown
as thermal ellipsoids at 30% probability level and only sym-
metry-independent atoms are labelled.

quarter of the ions and two solvent molecules are sym-
metry-independent. These species are held together by nu-
merous hydrogen bonds that the ammonium groups of
TAPM form with two DMSO molecules (N...O 2.67(2) and
2.716(18) A, NHO 165.0(8) and 149.6(9)°) and with two ox-
ygen atoms of the sulfonate group of the neighboring
TPMS anions (N...O 2.96(3) and 3.00(3) A, NHO 137.5(11)
and 1363.7(10)°). The resulting hydrogen-bonded three-di-
mensional-framework contains small pores with the vol-
ume of the largest spherical void, calculated using the
calevoid routine implemented in Olex2,? being 1.5 A3.

Another batch of crystals of F-2 was grown at the inter-
face of carefully layered solutions of TAPM in THF and
TPSM decahydrate in water. X-ray diffraction analysis of
these crystals of F-2 (Figure 2, CCDC2093979) showed it to
be another tetragonal crystal phase, with space group I4./a.
The composition is the same as in the DMSO-derived crys-
talline product, but with water as the lattice solvent in-
stead of DMSO. The hydrogen bonding between the TAPM
cation and the TPSM anion is also similar, although it in-
volves only one oxygen atom of the sulfonate group (N...O
2.787(3) A, NHO 163.58(17)°), and the two symmetry-inde-
pendent water molecules (N...O 2.752(3) and 2.716(3) A,
NHO 160.22(17) and 159.43(18)°). However, the hydrogen-
donor ability of the water molecules, which is lacking in
DMSO, produces an extra set of hydrogen bonds that they



form with each other (O...0 2.825(3) A, OHO 168.90(15)°)
and with the TPMS anions (O...0 2.713(3)-2.812(3) A, OHO
158.39(14)-176.15(15)°). The result is a much denser hydro-
gen-bonded three-dimensional-framework, with the vol-
ume of the largest spherical void being only 4.2 A3.
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Figure 2. X-ray structure of a crystal of F-2 grown from an
aqueous solution of TPSM and a solution of TAPM in THF,
illustrating the crystal environment of the cation and the hy-
drogen bonds it forms with anions/solvent molecules (shown
as dashed lines). Hydrogen atoms (except those of ammonium
groups) and the minor components of the disordered ions are
omitted for clarity. Non-hydrogen atoms are shown as ther-
mal ellipsoids at 30% probability level and only symmetry-in-
dependent atoms are labelled.

The powder X-ray diffraction (PXRD) pattern (Figure 3a)
of the as-prepared crystalline samples of F-2 corresponded
to the same tetragonal phase found for the single crystals
grown from water/THF solution. The size of the crystallites
calculated from integral broadening was 65 nm. In con-
trast, a dried sample of F-2 was lacking crystallinity, as its
PXRD pattern showed only a wide maxima (Figure 3b).
This behavior is different to the dehydration of F-1a re-
ported earlier as F-1a retains its crystal structure with in-
creasing void volumes even after complete dehydration.?
The dehydrated sample of F-2 (Figure 3b) recovers its crys-
tallinity after being kept over water in a desiccator (Figure
3c). However, the sample remained amorphous if kept for
the same time over methanol (Figure 3d).

Framework F-3 was practically insoluble in various non-
polar organic solvents but was highly soluble (with disso-
ciation of its components) in water and DMSO. This can
be rationalized on the basis that it can only form one third
of the hydrogen bonds that frameworks F-1a-c and F-2 can
form. In polar solvents, swelling of F-3 occurred resulting
in the formation of gels. As a result, it was not possible to
grow crystals of F-3 for X-ray diffraction analysis.
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Figure 3. a) PXRD pattern of as-prepared crystalline F-2. b)
PXRD pattern of F-2 after being dried at 110 °C and 2 kPa for
0.5 hours. ¢) PXRD pattern of the dehydrated sample of F-2
after being kept in a desiccator over water for 48 hours. d)
PXRD pattern of the dehydrated sample of F-2 after being kept
in a desiccator over methanol for 48 hours.

The morphologies of samples of F-2 and F-3 were studied
by scanning electron microscopy (SEM) (see supporting in-
formation). The morphologies of F-1a-c were reported pre-
viously.2¢ The SEM images showed that the samples of F-
2 and F-3 differed significantly. Framework F-2 was com-
posed of crystals of different forms, most likely originating
from different kinetics associated with each crystal for-
mation. Local X-ray spectral analysis (Figures Si-S4)
showed that the chemical elements were distributed
evenly on the sample surface, which supports its single
phase structure. The sample of F-3 consisted of almost
amorphous or badly crystalline particles, with sizes of 60
to ~350 pm. The presence of microcracks on the surface of
the particles is due to water removal from the near surface
layers which indicates a multilayer arrangement of the
samples. Local X-ray spectral analysis (Figure S6) again
showed that the chemical elements were distributed
evenly on the sample surface supporting its single phase
structure.

Thermogravimetric analysis (TGA) data for samples of F-
2 and F-3 are shown in Figure 4a,b. Framework F-2



underwent a 13% weight loss between room temperature
and 200°C with the maximum rate of weight loss occurring
at 117 °C. FTIR analysis of the evolved gases showed that
this weight loss was due to removal of water of crystalliza-
tion
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Figure 4. TGA analysis of samples of a) F-2 and b) F-3.

from the sample. Further weight loss took place from 230-
400 °C with a maximum rate at 350 °C and was the outcome
of aniline loss. Further degradation was observed at 400-
480 °C and was a consequence of sulfur dioxide and am-
monia loss. Framework F-3 initially lost 5% of its weight
around 100 °C with the maximum rate of loss at 99 °C (Fig-
ure 4b). This loss can be attributed to the removal of water
of crystallization from the sample. A further 48% weight
loss took place from 265-400 °C as a result of toluidine and
ammonia loss. Further degradation with methane and ben-
zene evolved was observed around 500 °C.

All the framework samples absorbed water and the ca-
pacity to do so was not related to the porosity of the sam-
ples (Table 1). For example, F-1c has the highest porosity in
the series, as indicated by its surface area being an order of
magnitude higher than any other framework. However, the
amount of water it could absorb was the second lowest in
the series. The structure of F-1b shows all the ammonium
groups of the 4,4’-diaminobiphenyl (PDP) units connected

by three hydrogen bonds to the sulfonate groups of three
neighboring TPSM tetra-anions. Water molecules do not
bridge the two salt components, but are hydrogen bonded
to the neighboring sulfonate groups.” In F-1c each ammo-
nium group of para-phenylenediamine (PPD) formed two
hydrogen bonds with two sulfonate anions of two neigh-
boring TPSM tetra-anions and the third ammonium pro-
ton was connected with the sulfonate of a third TPSM mol-
ecule via a bridge formed by two water molecules.’” On the
other hand, framework F-2 has its TAPM ammonium
groups connected via two water molecule bridges with two
neighboring sulfonate groups of two different tetra-anions
of TPSM and only one hydrogen bond was formed with the
sulfonate moiety of a third TPSM (Figure 2). Thus, water
evidently plays an important role in stabilizing the salts
when the direct hydrogen bonding of ammonium and sul-
fonate groups becomes impossible. This occurs, most
likely, from crystal packing difficulties in F-2, F-1a and F-
1c. In any case, water provides hydrogen bonds to the ani-
ons and its lone pairs to the ammonium groups. Consistent
with this analysis, dehydrated samples of F-2 become de-
stabilized and slowly decompose with the formation of car-
bocations and aniline, as shown in Scheme 2. Dehydration
of F-2 does not lead to the formation of large pores as
judged by the

BET surface area (Table 1). However, pores do form if hy-
drogen bond acceptors such as DMSO come into the

Scheme 2. F-2 decomposition pathway.

Table 1. The water absorption capacity of the crystalline organic salts



Salt BET  Surface | Amount of H,O in | Number of H,O | Amount of H,O in | Number of H,O mol-

area (m2g™) the saturated salt | molecules in the | the dehydrated salt | ecules in the salt af-
(mass %)2 saturated salt?P (mass %)¢ ter dehydration®

Faad | 2.6 7.5 43 0.5 0.3

Fa1be | 12 13.8 9.0 0.8 0.5

F-1ce | 129 12.0 6.4 0.8 0.4

F-2 5.5 17.1 1.7 0.6 0.4

F3 n.d. 24.5 20.7 0.6 0.3

aSamples were kept in a desiccator under a water saturated atmosphere for 24-48 h. bCalculated per TAPM or TPSM unit. <Samples
were kept in vacuo at 110 °C for 3 h and the water content was estimated by Fisher titration. 9Taken from Ref.26. ¢Taken from

Refl1g.

structure (Figure 1) with voids, occurring near the sul-
fonate and ammonium groups.

Framework F-3 had four molecules of leuco-crystal violet
(LCV) protonated by three molecules of TPSM (Scheme 1).
Only one hydrogen bond can be formed between each di-
methylammonium group of LCV and each sulfonate group
of TPSM . As a result, the rigidity of the framework was
greatly diminished as compared to F-1a-c and F-2, and the
solvating water is easily absorbed inside the framework
(Table 1) with accompanying swelling of the matrix.

Expectedly, F-3 was the most soluble (with dissociation
of its components) amongst all the frameworks in both
methanol and a methanol/dichloromethane mixture (Ta-
ble 2). Salts F-1a and F-2, both based on TAPM, were less
soluble in methanol than F-1b and F-1c derived from
TPSM. The solubility of the frameworks was very low in the
methanol/dichloromethane mixture but the solubility of
F-1b and F-1c fell most drastically.

The opening of styrene oxide with methanol was chosen
as a model reaction to explore the catalytic properties of
the crystalline organic salts (Scheme 3). The reactions were
conducted in a methanol/dichloromethane solution (20
equivalents of methanol relative to styrene oxide) at

Table 2. The solubility (with component dissociation)
of the frameworks (mol/l)?

Salt MeOH (mol I* | MeOH/CH,CL? | THF (mol I-
X 105) (mol 1 x 105) ' X 105)

F-1a 1.5 0.1 <0.01

F-1b 176 <0.01 <0.01

F-1c 1n8 <0.01 <0.01

F-2 2.5 0.1 <0.01

F-3 816 5.2 n.d.

aThe solution was completely saturated with a salt, filtered
and the amount of the dissolved framework was determined
by 'H NMR spectroscopy with a standard solution of p-dini-
trobenzene. PThe solvent was composed of 3 ml of MeOH and
20 ml of CH,CL.

a)

Scheme 3. Reaction of styrene oxide with methanol cata-
lyzed by crystalline organic salts.

crystalline organic salt

O (5 mol% of ammonium ions) OMe
Ph” MeOH/CH,Cl, (1:7), Ph OH
24 h, RT

room temperature, conditions under which the salts were
practically insoluble (Table 2). The reaction mixtures were
mechanically stirred at a speed greater than 700 rpm to
nullify the effect of stirring on the progress of the reaction
as previously determined.*® After the required reaction
time, the reaction mixture was filtered, evaporated and an-
alyzed by 'H NMR spectroscopy.

The filtrates of frameworks F-1a, F-1b, F-1¢, and F-2 dis-
persed in methanol/dichloromethane were not catalyti-
cally active which proved that catalysis by the salts was het-
erogeneous in nature. The filtrate of salt F-3 did produce 2-
methoxy-2-phenylethanol in 3% yield, but this was insig-
nificant compared to the 85% yield obtained using the un-
filtered F-3 dispersion (Figure 5). The salt (TSA) formed
from para-toluenesulfonic acid and aniline was chosen as
a benchmark homogeneous catalyst for the reaction. Reac-
tions catalyzed by TSA were conducted in deuterated
methanol/deuterated dichloromethane and monitored by
'H NMR spectroscopy.

As Figure 5a,b illustrates, both F-1a and F-2 derived from
TAPM were catalytically active, but in both cases signifi-
cant induction periods were observed when using water
saturated catalyst samples. For F-1a, the induction period
greatly diminished and for F-2 it totally disappeared if the
samples were previously dehydrated. Notably, dehydrated
F-2 had the same catalytic activity as the homogeneous
TSA catalyst. As shown earlier, F-1a increases its internal
voids on dehydration?® and the same was true for F-2 (Fig-
ures 1 and 2). Thus, removal of the water bridges which
function as cross-linking agents inside the frameworks,
made the matrices less rigid and more susceptible to sub-
strate induced “breathing”. This analysis was supported by
an experiment in which water saturated F-1a was exposed
to a solution of styrene oxide in dichloromethane for 20
hours followed by methanol
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Figure 5. Styrene oxide ring opening with MeOH in CH,Cl, at room temperature promoted by dehydrated and water saturated
organic salts. a) F-1a, b) F-2, ¢) F-1b and F-1¢, d) F-3. Reaction catalyzed by homogeneous TSA (red line) is included in each graph
for comparison. MeOH (1.5 ml, 36.6 mmol), CH.Cl, (10 ml), as obtained organic salt (9.61 x 105 mol of ammonium groups).

addition. After an additional six hours, the yield of 2-meth-
oxy-2-phenylethanol was 20-30% rather than the 2% ob-
served without the pretreatment. No changes were de-
tected in the 'H NMR spectrum of recovered F-1a. There-
fore, reaction of styrene oxide with the intralattice water
may explain the styrene oxide exposure promoting effect.
This was supported by reaction of a water enriched sample
of F-2 with one equivalent of styrene oxide based on the
expected amount of water in the framework. After 96 hours
in dichloromethane at a room temperature, the filtrate
contained 25% of 2-hydroxy-2-phenylethanol, as deter-
mined by 'H NMR analysis.

Another feature of the catalysis by F-1a and F-2 was the
form of the reaction curves after the induction period was
over. These indicated that the rate limiting aspect of the
reactions was not the chemical reaction between the epox-
ide and methanol. The homogeneous TSA catalyst exhib-
ited the same type of zero order kinetics, so diffusion of the
reagents to acidic centers within the frameworks cannot be
the rate determining step. The kinetics could be explained
by assuming that styrene oxide molecules form hydrogen

bonded complexes with the ammonium groups of F-2 (or
other frameworks or TSA) similar to that of DMSO as
shown in Figure 1. Styrene oxide would saturate the acidic
ammonium centers in a rapid pre-equilibrium, then reac-
tion of the activated styrene oxide with methanol would be
rate limiting and the rate of the reaction would be depend
only on the concentration of ammonium centers and not
on the substrate concentrations, resulting in zero order ki-
netics. Framework, F-2 could be recycled five times with-
out any deterioration of its catalytic properties provided
that the reactions and isolation of F-2 were carried out un-
der argon to prevent its rehydration by atmospheric mois-
ture.

The catalytic activity of F-1b was only slightly dependent
on the dehydration of the sample (Figure 5c) as the water
inside the matrix was not involved in the bonding of the
salt components® and did not serve as a cross-linking
agent. F-1c has slightly higher catalytic activity than F-1b
(Figure 5¢), but the difference is small compared to the dif-
ference in activity between F-1a and F-2 (Figure 5a,b). The
catalytic activity of F-3 was independent of dehydration



(Figure 5d), as the components of the salt could be united
by only one hydrogen bond and water could not serve as a
cross-linking agent.

Acetal formation was also promoted by crystalline or-
ganic salts F-1a and F-2 as shown in Scheme 4. Thus, reac-
tion of 1-formylnaphthalene with methanol in a mixture of
methanol and dichloromethane (ten equivalents of meth-
anol relative to the aldehyde) gave the corresponding di-
methyl acetal. The reversible reaction reached equilibrium,
giving 65% of the acetal. The rates of reaction were fol-
lowed by UV/Vis spectroscopy at 314 nm and 280 nm. Un-
der the reaction conditions, water saturated crystalline or-
ganic salts were again inferior to the dehydrated samples
of the frameworks (Figure 6). For this reaction, the perfor-
mance of the homogeneous catalyst TSA was much better
than that of F-2 (assessed by 'H NMR spectroscopy, in 7:1
CD2Cl2:CD30D). The homogeneous catalyst produced
59% of acetal after 5 minutes and 61% after 15 minutes. For
catalysis by dehydrated F-2, these levels of conversion
could only be achieved after 300 minutes (Figure 6). This
drastic change in the relative catalytic activities of F-2 and
TSA in epoxide ring opening and acetal formation reac-
tions could be partly attributed to the formation of water
in case of acetal formation. This has little or no influence
on the homogeneous catalyst, but inhibits the heterogene-
ous catalysts by the cross-linking effect as discussed above.

Scheme 4. Acetal formation promoted by organic salts.
Salt F-1 or F-2

CHO (5 mol% of ammonium
groups), MeOH,

OO neat, RT, 1 bar, 3h I I

65%

MeO_ OMe

Salt F-2 (5 mol% of
ammonium groups), neat,
45 °C, 2 kPa, 3h, over
molecular sieves or P;,Og
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O
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O
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A general protocol for acetal formation was elaborated,

employing F-2 as the most efficient catalyst (Figure 6) and
ethylene glycol as the alcohol component to increase the
stability of the acetal. To shift the reaction equilibrium, wa-
ter was removed by conducting the reaction under vacuum
at 45 °C with the reaction vessel connected to a separate
vessel, containing either phosphorus pentoxide or molec-
ular sieves (Figure S19). The product of the reaction was
extracted with toluene and F-2 could be easily recovered
by adding acetonitrile or THF and sonicating the mixture.
Insoluble crystalline organic salt F-2 was separated and
dried at 45 °C. The recovered catalyst could be reused up
to five times without any deterioration of its catalytic ac-
tivity.

HO

(0]
R4 2
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2e

T T T T T
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Figure 6. Reaction of 1-formylnaphthalene (1.83 mmol) with
MeOH (1.5 ml) in a mixture of CH,Cl,:MeOH (7:1 by volume)
promoted by TSA or dehydrated or water saturated F-1a and
F-2 (crystalline organic salt amounts were determined so as to
provide 5 mol% of ammonium ions).

The results of these experiments are summarized in Ta-
ble 3. A broad range of aldehydes could be converted into
acetals with chemical yields up to 99% using the proce-
dure. Aldehydes containing basic pyrrole or pyridine units
were not substrates as they blocked the acidic, catalytic
centers within F-2. 3-tert-Butylsalicylaldehyde and 9-
formylphenanracene were also unreactive, probably for
steric reasons.

Conclusions

Modularly prepared crystalline organic salts based on
derivatives of tetrakis-(4-aminophenyl)methane (TAPM)
and/or tetrakis-(phenyl-4-sulfonic acid)methane (TPSM),
were found to be efficient and recoverable heterogeneous
Brensted acids, catalyzing both epoxide ring-opening and
acetal formation. The catalytic efficiencies of the salts were
not directly connected to their BET surface area. For the
salts derived from TAPM (F-1a and F-2) the capacity to un-
dergo substrate induced rearrangement (breathing) of the
frameworks was the decisive factor in determining their
catalytic activities. Water of crystallization formed bridges
between the anions and cations thus stabilizing the frame-
works and making the substrate induced breathing more
difficult. As a result, the presence of water had an inhibi-
tory effect on catalytic activity of F-1a and F-2. The catalytic
efficiencies of the other crystalline organic salts, F-1b, F-1c,
and F-3, were not affected by their hydration state, as water
bridging between the anions and cations was either absent
or insignificant. An efficient protocol for acetal formation
promoted by the crystalline organic salts has been elabo-
rated.

Table 3. Synthesis of acetals 1-23?

Aldehyde Prod- Time | Yield

uct (h) (%)




PhCHO 1 3 97
Furan-2-CHO 2 3 95
Thiophene-2-CHO 3 9 93
4-MePyrrole-2-CHO 4 6 o
2-CIC¢H,CHO 5 3 96
4-Me,CHCsH,CHO 6 13 97
3-FC¢H,CHO 7 3 99
2,3-F.CsH;CHO 8 3 99
3,5-F.C¢H;CHO 9 3 98
2-F-4,5-(MeQ),CsH,CHO 10 9 88
1-Formylnaphthalene 1 3 98
9-Formylanthracene 12 3 o
2-0,N-4,5-(OCH,0)C¢H,CHO | 13 9 99
2-O,NC¢H,CHO 14 3 87
3-O.NCsH,CHO 15 3 99
PhCH.CH,CHO 16 3 99
PhCH=CHCHO 17 13 89
3-Bu-2-HOCsH;CHO 18 3 trace
2,3-Me,-4-MeOCsH,CHO 19 9 85
3-MeOCsH,CHO 20 13 98
4-MeOCsH,CHO 21 13 86
Pyridine-3-CHO 22 3 o
Pyridine-2-CHO 23 3 trace

a Reaction conditions: Aldehyde (1.83 mmol), ethylene
glycol (2 eq.), 45 °C, 2 kPa, amount of F-2 determined so as
to provide 5 mol% of ammonium groups.
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Self-assembled and self-healing, metal free, recyclable, heterogeneous Bronsted acid catalysts have
been developed by the protonation of aniline derivatives with aromatic sulfonic acids. The resulting
three-dimensional lattices were linked by hydrogen bonds and additionally stabilized by the opposite
charges of the components. They catalyzed epoxide ring-opening reactions and acetal formations.



