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Abstract: Two new organic-inorganic salts of perhalidometallates with protonated organic amine
cations have been synthesized and characterized by X-ray diffraction and thermal analysis. (CHBMAH,)
ZnBry-3/2H,0 1 and (CHBMAH,)ZnCl, 4 [([CHBMAH,)?*: 1,3-cyclohexanebis(methylammonium)]
were obtained in single-crystal form. The crystal packing in all of the obtained compounds is gov-
erned by the formation of various non-covalent intermolecular forces between tetrahalidometallate
anions and organic cations, assisted by water molecules in the hydrates. Hirshfeld surface analysis
denotes that the most important contributions to the crystal packing are X---H/H---X (X: Cl, Br, I) and
H---H interactions. Interestingly, the compound 1,3-cyclohexanebis(methylammonium)tetrachlorido-
zincate (II) dihydrate, (CHBMAH,)ZnCly-2H,0O 2, undergoes thermally-triggered single-crystal-to-
single-crystal (SCSC) transformation upon dehydration to produce a supramolecular solid compound,
1,3-cyclohexanebis(methylammonium) tetrachloridozincate (II), (CHBMAH;)ZnCly 4. The SCSC
transformation causes changes in the lattice parameters and a structural rearrangement. Furthermore,
the catalytic properties of (CHBMAH;)ZnCly-2H,0 2 and (CHBMAH;)Cdl4-2H;0 3 have been
explored in the acetalization process using various uncommon alcohols, beyond methanol or ethanol,
for the first time in the literature, with outstanding results, and opening the door to the formation of
alternative acetals.

Keywords: perhalidometallates; X-ray crystal structure; thermal analysis; Hirshfeld surface analysis;
catalysis; acetalization

1. Introduction

The possibility of producing novel functional materials with important properties
gives a strong stimulus for the research of organic-inorganic hybrid compounds. These
materials have attracted much attention, not only for their structural variety, but also for
their possible uses as active materials in many applications, ranging from catalysis [1-4],
electronics (as organic-inorganic emitting diodes, thin-film transistors, among others),
and high-density optical data storage [5,6], to therapeutic chemistry [7-9], passing by
photovoltaic instruments. Recently, in 2012, organic-inorganic halide perovskite materials
have been introduced in solar cells as interesting alternatives to conventional silicon in
terms of cost and efficiency [10-12].
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Within the organic-inorganic hybrid materials, perhalidometallates of protonated
amines constitute a large family of materials, showing in some cases non-centrosymmetric
structures, which are expected to have interesting properties, such as piezoelectricity,
ferroelectricity, ferroelasticity, pyroelectricity [13-17], and even uses as catalysts [18,19]. In
this case, various non-covalent weak bonds, such as hydrogen bonding and Coulombic
and van der Waals interactions, govern the crystal packing of these materials.

On the other hand, a small number of hybrid materials undergo a whole transforma-
tion process, in which the single-crystal integrity and the long-range structural order are
maintained in a single-crystal-to-single-crystal (SCSC) transformation [20-22], which repre-
sents an exceptional phenomenon in materials science. Sometimes, SCSC transformation is
accompanied by a rearrangement of the network of intermolecular contacts that stabilizes
the crystal packing, which frequently results in noticeable changes in the global structural
network. In other cases, independently of any composition variation (removal of guest
solvent molecules, exchange of ions, and variation in oxidation states of component atom),
the architecture of the rugged frameworks remains intact across the SCSC transformation
process. In recent years, there have been many important publications in which these
subjects were studied. For example, Roques, Sutter, and co-workers (2011) have described
a porous supramolecular zirconium oxalate hydrate [{(Hy-L1),Zr(CyO4)4}-2H,0] (with L1:
p-bis(imidazol-1-yl)benzene) [23] which undergoes reversible SCSC dehydration. The de-
hydrated form crystallizes in the same group with the same lattice parameters. In contrast,
Kinzhybalo and co-workers (2018) have reported a compound tetra-n-butylammonium
hypodiphosphate hydrate [24] in which water is removed from the crystal upon heating,
accompanied by a reorganization of the ions present in the crystal.

We report the chemical preparation and crystal structure of a new hybrid perhalidomet-
allate (CHBMAH;)ZnBry4-3/2H,0 1, obtained in the presence of diprotonated 1,3-cyclohexa-
nebis(methylammonium) (abbreviated: (CHBMAH,)**). Additionally, the relationship with
other similar structures recently reported by Rayes et al., namely (CHBMAH;)ZnCly-2H,0
2 and (CHBMAH,;)Cdl4-2H,0 3 [25], is discussed in the present work. Interestingly, the
compound (CHBMAH;)ZnCly 4 was obtained as a result of a solid state dehydration pro-
cess of 2 by heating it up to 140 °C. Hence, it constitutes a new example of the uncommon
single-crystal-to-single-crystal (SCSC) transition and has also been studied by single-crystal
X-ray diffraction. Furthermore, the catalytic activities of 2 and 3 are explored in a model and
basic reaction, the acetalization of aldehydes to give acetals, to find a plausible application
of our structures.

2. Results

We initiated the study with the characterization of the chemical and physical properties
of compounds 1 and 4.

2.1. Structure Description of (CHBMAH,)ZnBr4-3/2H,0 1

Crystal structures for compounds 1 and 4 have been determined by single-crystal
XRD. Crystallographic data and structure-refinement parameters for compounds 1 and 4
are summarized in Table 1.

The new compound (CHBMAH;)ZnBrs-3/2H,0 1 crystallizes in the orthorhombic
system with a non-centrosymmetric space group P212;2 and a Flack parameter of 0.014(6), in-
dicating that the absolute structure given by the structure refinement is correct. In addition, the
asymmetric part of the unit cell contains diprotonated 1,3-cyclohexanebis(methylammonium)
(CHBMAH,)?*, the tetrabromidozincate (IT) anion (ZnBr)?>~, and water molecules (Figure 1).
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Table 1. Crystallographic data and structural refinement parameters for compounds 1 and 4.
1 4
Chemical formula (CHBMAH,;)ZnBry-3/2H,0 (CHBMAH,)ZnCly
Formula weight (g mol 1) 556.29 351.43
Temperature (K) 296 296
Crystal system Orthorhombic Monoclinic
Space group P2,2,2 P2, /c
a(A) 12.5741(8) 7.2772(7)
b (A) 21.0211(14) 9.8130(9)
c(A) 6.7709(4) 22.009(2)
(%) 90 90
B(°) 90 96.1760(10)
v (°) 90 90
Volume (A3) 1789.7(2) 1562.6(3)
Z 4 4
Density (g-cm_3) 2.065 1.494
Absorption coefficient (mm~1) 10.293 2.230
F(000) 1068 720
Theta range (°) 2.255-25.155 2.274-23.541
Reflections measured 15,931 13,805
Independent reflections 5186 4500
Reflections included [I > 20(1)] 3785 2761
R(int) 0.036 0.04
Restraints/parameters 0/162 0/174
Goodness-of-fit 0.947 1.063
Refinement on F2 F?
Final R indices R =0.0326 R=0.0711
- Ry = 0.0689 Rw =0.2078
Apmax, Apmin (€ A7) —0.595, 0.914 —0.601, 1.593
®
Br1

Br3 Br4

Figure 1. The asymmetric unit of (CHBMAH,;)ZnBr,-3/2H,0 1 (50% probability displacement ellipsoids).

The cation and one water molecule occupy general positions, while the second water
molecule is located on a two-fold rotation axis. Non-covalent forces maintain the cohesion
and stability of the crystalline network. These interactions comprehend hydrogen bonding,
Coulomb interactions, and van der Waals forces. Four bromine atoms surround the central
zinc atom in a slightly distorted tetrahedral geometry. The Zn-Br bond lengths vary from
2.3925(9) to 2.4357(8) A, and the Br-Zn-Br bond angles range from 104.43(3)° to 113.75(3)°,
and are similar to those observed in other compounds containing the same anion [26-29]
(Table S1). This significant difference in these geometric parameters can be ascribed mainly
to H-bonds, making the ZnBr,2~ tetrahedron softly distorted. This distortion is determined
by the calculation of the geometry index t4 [30] for four-coordinated species, which quanti-
fies the degree of distortion of the coordination polyhedron from ideal tetrahedral (T4 = 1)
to perfectly square planar (t4 = 0). This T4 parameter is defined as the difference between
360 and the sum of the two largest angles divided by 141. In the present case, the tetracoor-
dinated Zn atom has a slightly distorted tetrahedral conformation, with a 14 index of 0.952.
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This value confirms the involvement of the Br atoms in a complex system of N-H---Br and
O-H---Br H-bonds at the origin of the slight distortion of ZnBr,?~ from the ideal tetrahedral
geometry. In this compound, each ZnBr,?~ unit connects to four water molecules through
O-H:-Br H-bonds. The resulting 3-D H-bonded anionic framework {(ZnBry-OW)?~ ),
contains large channels (section dimensions of 15.438 A x 7.482 A) running along [100] the
crystallographic direction. These channels are filled by the diprotonated (CHBMAH,)**
cations to maximize the Coulombic forces and are linked to the anionic framework through
N-H:--OW and N-H:--Br H-bonds (Figure 2). H-bond lengths and angles of compound 1
are reported in Table 2.

Figure 2. Partial packing diagram of (CHBMAH;)ZnBr,-3/2H,0 1 viewed along the ¢ axis and
showing the H-bonding network (dashed lines).

Table 2. H-bond lengths (A) and angles (°) in (CBMHj;)ZnBr4-3/2H,0 1.

D-H---A D-H H-A D--X D-H---X
N1-H1B---Br2 0.89 2.725 (1) 3.391 (5) 164.4 (3)
N1-HIC:--Br4 0.89 2.826 (1) 3.459 (5) 129.3 (3)
N2-H2C--Br3 0.89 2.492 (1) 3.366 (5) 167.1 (3)
N2-H2E.-Brl 0.89 2.641 (1) 3.351 (5) 137.4 (3)
C2-H2A--Br3 0.97 3.022 (1) 3.788 (6) 136.7 (4)
O1-H2W1-Br4 0.85 2.94 (9) 3.461 (6) 121 (7)
O1-HIW1-Brl 0.85 2.60 (1) 3.290 (7) 147 (9)
02-H1W2-Br2 0.73 (8) 2.92 (8) 3.579 (6) 150 (7)

2.2. Structure Discussion

The geometry examination of the organic cation (CHBMAH,)?* indicates that the
cyclohexane ring adopts a chair conformation in compound 1. This conformation is the
most stable arrangement of the carbon atoms in the Cé-ring. It is important to note that
the reaction of a mixture of cis and trans isomers of CHBMA with a suitable proportion
of anhydrous zinc bromide and hydrobromic acid results in pure cis isomers in the syn-
thesized crystal. This selectivity for the cis configuration in 1 has also been observed in
the compounds (CHBMAH;)ZnCly-2H,0 2 and (CHBMAH,;)Cdl;-2H,0 3 [25]. In con-
trast, in other compounds containing the same organic cation (CHBMAH,)?*, such as
(CHBMAH;)Zny 1Cog9(HPO3)4 [31] and (CHBMAH,;)(NO3), [32], the trans configuration
has also been found. Interestingly, this crystallization process may be used as a possible
technique for the separation and recognition of cis and trans isomers of CHBMA.

On the structural side, for the same cis configuration observed in 1, 2 and 3, the two
terminal ammonium groups in the organic moiety show two possible orientations, upward
for 3 and downward for 1 and 2 (Figure 3).
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Figure 3. The two methylammonium groups exist in the cis configuration with upward orientation
(left) and downward orientation (right).

This difference in orientation is reflected in the different connectivity of the ammonium
groups in the organic moiety on the anionic framework and, therefore, in an H-bonded
network with different dimensionality. Consequently, the interconnection of organic
cations and anionic frameworks is achieved in a 3-D H-bonded network in 1 (Figure 2) and
3 (Figure 4a), while it is performed in a 2-D H-bonded network in 2 (Figure 4b).

Figure 4. Depending on the orientation of the ammonium groups of the (CHBMAH,)**, two
assembling patterns have been observed, (a) two-dimensional (2-D) in 3 (upward orientation) and
(b) three-dimensional (3-D) in 2 (downward orientation) H-bonded networks.

2.3. Thermal Analyses (DTA/TGA)

In order to examine the thermal behavior of the crystalline supramolecular species
(CHBMAH;)ZnBr4-3/2H;0 1, two curves corresponding to the differential thermal/ ther-
mogravimetric analyses (DTA /TGA) were carried out from 20 to 600 °C (Figure 5).

The TGA indicates a first weight loss upon heating to about 120 °C, which corresponds
to the complete release of the HO molecules. After solvent release, the dehydrated phase
remains stable up to the melting point at 182.5 °C. Signs of chemical decomposition
of the framework are observed above 290 °C. It is important to note that comparable
thermal behaviors have been observed for the two materials (CHBMAH,)ZnCly-2H,0 2
and (CHBMAH,;)CdI4-2H,0 3 [25].
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Figure 5. Differential thermal/thermogravimetric analyses of (CHBMAH,)ZnBr4-3/2H,0 1.

2.4. Single-Crystal-to-Single-Crystal (SCSC) Transformation. Crystal Structure of
(CHBMAH;)ZnCly 4 and Comparison with That of 2

Intending to obtain structural information on the crystalline phases formed after
dehydration, we heated a few single crystals of each compound 1-3 in a muffle furnace to
about 140 °C for 45 min. After cooling to room temperature, the single-crystal 2 appeared
intact and transparent, while the other two, 1 and 3, became opaque. Therefore, a single-
crystal XRD analysis at 298 K was envisioned for these three materials. Upon heating, 1
and 3 lost the single-crystal integrity, resulting in a crystalline powder, but 2 underwent a
single-crystal-to-single-crystal phase transition. Diffraction data collected at 298 K for the
new single-crystal phase 4 allowed the resolution and refinement of the crystal structure.

The single-crystal X-ray structure analysis of 4 reveals that water molecules trapped
in the structure of 2 are evacuated from the network after heat treatment.

To our knowledge, 2 is the first example in perhalidometallate hybrid chemistry of a
solid-state transition for which the structures of the initial and final crystalline states are
investigated by single-crystal XRD.

The XRD study shows that the dehydrated form 4 crystallizes in the same space group
P2, /c as the hydrated form 2, but with different cell parameters. The asymmetric part
of the unit cell, depicted in Figure 6a, comprises an isolated tetrachlorozincate(II) anion
(ZnCly)%?~ and a diprotonated 1,3-cyclohexanebis(methylamine) (CHBMAH,)?* cation. The
latter is disordered, over two possible ring positions with the same occupancy (Figure 6b).

The structure of 4 consists of a 3-D framework composed of (CHBMAH,)?* cations and
the tetrachloridozincate(II) anions connected by N-H.--Cl hydrogen bonds and additionally
stabilized by Coulombic interactions. In the anion, the Zn! atom is coordinated by four
Cl atoms in a slightly distorted tetrahedral geometry (14 = 0.95), with Zn—Cl bond lengths
ranging from 2.262 (2) A t02.282 (18) A, and the C1-Zn—Cl bond angles varying between
106.33 (7)° and 114.22 (8)° (Table S2). These geometry parameters are in the same magnitude
as those observed in homologous compounds containing isolated anions [ZnCl4]?~ [33-37].

The cyclohexane ring shows a chair conformation and has been modelled as disordered
over two positions at half occupancy. C2 and C5 belong to both rings and have been refined
at full occupancy. Therefore, one of the rings is formed by C1, C2, C3, C4, C5 and C6 and
the other ring is formed by C1’, C2, C3/, C4’ C5 and Cé’ (Figure 7 below). The disordered
organic cation (CHBMAH,)?* presents a cis configuration in which the two terminal
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ammonium groups are pointing downward, thus promoting a 3-D H-bond network with
the chlorine atoms of ZnCls2~ anions.

@ g (b) y\

Cl4 i /
7a) \:3'
5 ci3 X - 4
N2 ' 4 ]
c7

\Ct

c6 _goC!
1
y
c5 c2
ca ¢a
N1V

Figure 6. The asymmetric unit of the (CHBMAH;)ZnCly 4 (50% probability displacement ellipsoids)
(a), the cyclohexane ring in 4 is disordered in two orientations (b).

Examination of the C-C, C-N distances and C-C~C, C-C-N angles in the (CHBMAH;)**
dication shows that they are comparable to those found in other works [4,25] (Table S2).

The dehydration process in 2 is accompanied by the breakage of medium-strength O-
H---Cland N-H---O H-bonds between H,O and the ions (ZnCl;>~, CHBMAH,2*) inside the
initial (parent) single crystal, and a reorganization of the ions within the final dehydrated
form. This transformation results in an approach between the cationic part and the anionic
part and, therefore, in a new organization based on a 3-D H-bond network showing
channels propagating in the crystallographic direction [100] (Table 3, Figure 7). This
crystalline structure has an important topology to obtain a porous supramolecular solid.

Table 3. H-bond geometry (A, °) of (CHBMAH,)ZnCly, 4.

D-H--A D-H H-A DX D-H---X
N1-HIA---CI3 0.89 2.493 (2) 3.260 (5) 144.8 (3)
N1-H1C---CI3 0.89 2.772 (2) 3.435 (6) 132.3 (3)
N1-HI1C---Cl1 0.89 2.670 (2) 3.416 (6) 142.1 3)
N1-H12.--CI2 0.89 2.444 (2) 3.327 (6) 1714 (3)
N2-H2A--Cl4 0.89 2.634 (2) 3.468 (7) 156.5 (4)
N2-H2B.--CI2 0.89 2.349 (2) 3.180 (6) 155.5 (4)
N2-H2C---Cl1 0.89 2.383 (2) 3.260 (6) 168.7 (4)
C8-HS8A---CI3 0.97 2.864 (2) 3.583 (8) 131.7 (4)

The crystal structure of the hydrated compound 2 did not show any channels from
which water molecules would output (Figure 7 above), in contrast to the proposal put forth
by Perrier & Byrn (1982) [38]. After dehydration, our results confirm the genesis of such
channels. This leads us to establish with certainty that the escape of water from 2 shifts
significantly the arrangement of the ions ZnCly>~ and (CHBMAH,)?* in the crystal.

Our results also show that hydrogen bonds N-H---Cl in the anhydrous crystal are
slightly weaker than in the hydrated crystal 2. However, Coulombic interactions in the
dehydrated crystal 4 are stronger than in 2 because of the elimination of water which acts
as a screen between the anions ZnCly?>~ and the cations (CHBMAH,)?".
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Figure 7. Single-crystal-to-single-crystal irreversible phase transition for compound (CHBMAH;)ZnCly-
2H,0 2 (above) to compound (CHBMAH;)ZnCly 4 (below). Cell axes: a, b, c.

2.5. Hirshfeld Surface Analysis

Three-dimensional Hirshfeld surface analysis was used to understand the nature of in-
termolecular interactions responsible for the crystal packing. Moreover, the 2-D fingerprint
plots quantitatively detected the contribution of those interactions in the crystal structure.

Hirshfeld surfaces mapped over dnorm (normalized distance) are shown in Figures S1
and S2, respectively for compounds 1 and 4. dporm combines both de (external distance)
and d; (internal distance), and each distance is normalized by the van der Waals radius
for the particular atoms involved in the close contact to the surface. The red spots denote
strong H-bonds and interatomic contacts. These correspond to the near-type H:--O and
H---X (X: Br, Cl, I) contacts resulting from N-H:--O and N-H---X hydrogen bonds.

The intermolecular interactions involved in 1 and 4 present as distinct spikes in
the two-dimensional fingerprint plots, with the dnorm view of individual interactions
introduced in Figures S1 and 52.

The percentage contribution of different intermolecular interactions in 1 and 4 are
obtained from two-dimensional fingerprint plots and are presented as a chart in Table 4.
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Table 4. Percentage contributions of interatomic contacts to the Hirshfeld surface for compounds 1

and 4.
(CHBMAH;)ZnBr4-3/2H,0, 1 (CHBMAH,)ZnCly, 4
Contact % Contribution Contact % Contribution
Br---H/H---Br 53.4 Cl---H/H---C1 63.4
H---H 35.7 H---H 33.9
O---H/H---O 8.9 Cl---Cl1 2.1
Br---Br 0.9 H---Zn/Zn---H 0.4
H---Zn/Zn---H 0.8 Cl---Zn/Zn---Cl 0.3
Br---Zn/Zn---Br 0.3 - -

According to this chart, the highest interaction contributing to the cohesion of the
solid-state structures of 1 and 4 is from M-X:--H contacts, followed by H---H van der Waals
contacts as deduced from the analysis of decomposed fingerprint plots. The contribution
from X:--H interactions varies from 53.4% in 1 to 63.4% in 4. It can be attributed to N-
H---X,O-H---Xand C-H- - - X interactions due to the involvement of tetrahalidometallate
ions in hydrogen bonding. In the hydrated compound 1, it is interesting to note that in
N-H:--O, strong H-bonds are also present, with contributions of 8.9%.

On the other hand, when comparing the fingerprint plots for 2 and 4 [25], the highest
difference is regarding the O- - - H contact, which accounted for 5.5% of the total interactions
in 2 but is absent in 4. This difference is relevant, confirming that compound 2 undergoes a
dehydration reaction giving rise to the dehydrated compound 4. These fingerprint plots
are compared in Figure 8.

d

LA (CHBMAH:)ZnC11.2H:0, 2 a d,

(CHBMAH:)ZnCl, 4 b

25 A5

1.4|H---Cl

0--H Cl-H d. ’ Cl-- d.

1 1
06 08 1.0 1.2 14 16 18 20 22 24 26 28

06 08 1.0 12 14 16 1.8 2.0 22 24 26 28

Figure 8. Comparison of fingerprint plots for (a) hydrated compound 2 and (b) dehydrated com-
pound 4.

These results agree with the X-ray diffraction analysis of hydrogen bonding inter-
actions and the close packing of tetrahalidometallate anions, water molecules and or-
ganic cations.

3. Discussion

After the characterization of these compounds in terms of X-ray studies and Hirshfeld
surface and thermal (DTA/TGA) analysis, all of them describing the different properties of
these interesting compounds, we decided to go a step further and explore their utility as
plausible homogenous catalysts in the acetalization process. For this study, we selected
complexes 2 and 3 [25].

The protection of carbonyl groups is one of the most recurrent protocols and powerful
tools in organic synthesis for the preparation of cyclic or acyclic acetal intermediates in
the synthesis of natural products and important targets [39-42]. Subsequently, they can
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also be transformed into a broad spectrum of different functional groups, to be used as
intermediates in subsequent processes.

Although this approach has been largely studied for decades due to its relevance and
utility, the reported protocols typically require long reaction times and high temperatures.
They also afford, in some cases, incomplete reactions with moderate yields, or they are
limited to the use of orthoester reagents [43-56]. These are common inconveniences that
can potentially limit their utility, but still promote the development of new procedures to
overcome such problems.

Despite the plethora of works focused on this carbonyl protection, to the best of our
knowledge only scarce examples of Co- [57,58] and Zn-based catalysts [4,18,59,60] have
been studied in the literature so far. Interestingly, some of them are pivotal procedures
developed by us using simple MeOH as the source of methylation [4,18,60].

The acetalization approach still represents a pivotal challenge since, in many organic
reactions or during a multistep synthesis, a carbonyl group could require protection
to avoid its reactivity against the attack of different reagents present along the process.
Moreover, in these cases, the challenge to overcome this problem could be how to protect
this functionality in the presence of a variety of other sensitive functional groups. Although
normal protecting groups could involve tedious processes or the use of more expensive
orthoesters, we would like to disclose our simple methodology using different accessible
but uncommon alcohols, less used in this process until now in the literature.

Therefore, in this spectrum of physico-chemical properties studied with these com-
pounds, we also decided to test the reactivity of these complexes in the acetalization
reaction of aldehydes with different alcohols. We went a step further in this study, and
although CH(OMe); is the most frequently used source of acetalization in the protection
of carbonyl compounds, and our previous works were focused on the use of MeOH as
the most accessible source, here, we have explored more complex alcohols to provide a
higher added value to our methodology and for the progression of this field. Therefore,
all developed procedures for the synthesis of non-cyclic acetals are usually limited to
dimethyl and diethyl acetals (i.e., the availability of the corresponding orthoesters limits
their applicability or the use of MeOH and EtOH).

Based on our previous works, we started screening both catalysts comparatively with
preliminary selected conditions (0.1 mmol of aldehyde, 250 uL of alcohol and 5-10 mol%
of catalysts) (see the results in Table 5). Interestingly, we have selected a battery of alcohols
that have been overlooked or scarcely explored in the literature so far for this reaction. Due
to the high number of proofs performed to optimize the best reaction conditions, in Table 5
only the best result for each alcohol is provided.

Although both catalytic structures show the same order of reactivity against the great
variety of alcohols tested, it seems that, in general, Cd-based catalyst 3 affords better
results. Interestingly, we obtained outstanding conversion values with alcohols that have
not been used previously in this protocol, or they have been scarcely explored, allowing
the obtainment of new acetal structures. Among the variety of alcohols tested, we decided
to continue with 1-pentanol 6e as a very uncommon source of acetalization. The reaction
with alcohol 6e was also set up in the absence of catalyst 3, but the process did not work,
demonstrating the necessity of our catalytic species in the reaction medium. After this
screening of alcohols, and with the best reaction conditions in hand (using 1-pentanol (6e)
as the source of acetalization and catalyst 3 at 10 mol%), the scope of the reaction was
further explored, extending our strategy to different substituted aldehydes, as shown in
Figure 9.
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Table 5. Comparative reactivity between 2 and 3 using different alcohols as an acetylation source °.

O OR
H 2 and 3 (5-10 mol%) OR
ROH (6a-6i) (0.25 mL)
NO, NO,
5a 7Taa-7ai
(CHBMAH;)ZnCl,-2H,0, 2 (CHBMAH,)CdI4-2H,0, 3
Alcohol (6a-6i) Temp. (°C) Time (h) Yield (%) Alcohol (6a-6i) Temp. (°C) Time (h) Yield (%)

MeOH (6a) (10 mol%) 50 24 76 MeOH (6a) (10 mol%) 50 24 94
EtOH (6b) (5 mol%) 40 24 72 EtOH (6b) (5 mol%) 40 24 79
1-PrOH (6¢) (5 mol%) 60 72 75 1-PrOH (6c¢) (5 mol%) 60 72 76
1-BuOH (6d) (5 mol%) 60 72 85 1-BuOH (6d) (5 mol%) 60 72 93
1-Pentanol (6e) (5 mol%) 60 48 71 1-Pentanol (6e) (10 mol%) 60 24 97
1-HexOH (6f) (5 mol%) 60 72 69 1-HexOH (6f) (5 mol%) 60 72 91
2-Methylbutanol (6g) 2-Methylbutanol (6g)
(10 mol%) 60 24 o4 (10 mol%) 60 2 83
2-PrOH (6h) (10 mol%) 60 24 77 2-PrOH (6h) (10 mol%) 50 24 44
1-BnOH (61) (5 mol%) 60 48 52 1-BnOH (61) (5 mol%) 60 48 n.d.

2 Otherwise indicated: a mixture of aldehyde 5 (0.1 mmol) and catalyst 2 or 3 (5-10 mol%) in 0.25 mL of alcohols 6a-6i, was stirred at
40-60 °C for the indicated time. After the reaction time, the conversion was calculated by "H-NMR.

Opentyl Opentyl!
Opentyl!
Openty! Opentyl!
Opentyl
N02 OZN Cl
92% 95% 72%
7ae 7be 7ce
Opentyl
Openty! Opentyl
Openty! penty penty
Opentyl Openty!
Br Br NC
65% 70% 95%
7de Tee 7fe
Openty/ Opentyi Opentyl
Opentyl Openty! Openty!
F,C MeO
89% 55% 17%
7ge 7The Tie

Figure 9. Scope of the reaction. Experimental conditions: a mixture of aldehydes (0.1 mmol) and
catalyst (10 mol%) in 0.25 mL of n-amyl alcohol 6e was stirred at 60 °C. After 24 h, the reaction crudes
were purified by column chromatography.



Catalysts 2021, 11, 758

12 of 18

As disclosed in Figure 9, the desired acetals 7ae-7ie were obtained from low to very
excellent yields. The developed methodology works better with electron-withdrawing
groups in the aromatic ring. Unfortunately, electron-donor groups such as MeO afforded
the desired final product 7ie with lower yield, and benzaldehyde only provided moderate
yields (7he). This fact can be justified because electron-withdrawing groups in the aromatic
ring make the carbonyl group of the aldehyde more electrophilic to receive the first attack
of the alcohol as a nucleophile, and opposite occurs with electron-donating groups. The
crudes of the reactions are very clean. Interestingly, neither inert nor dry atmosphere or
other special conditions were needed to carry out the reactions. Moreover, this is the first
time this alcohol has been used as the source of acetalization in this procedure, providing a
new acetal structure family.

In order to know the role of the catalytic species, we have performed additional exper-
imental proofs where the contribution of each fragment of the complex has been explored
separately. For this purpose, we have used ZnCl,, Cdl,, (NH4)2[ZnCly], (NH4)o[Cdly],
NH4Cl, NH4I and (CHBMAH;)Cl,. All these species were prepared by us, except ZnCl,
and Cdlp, which are commercially available (Scheme 1).

(0] Opentyl
MX; or (NH4)2[MX,4]
H (10 mol%) Openty!
1-pentylOH 6e (0.25 mL)
NO, 60°C, 24 h NO;
5a Tae

ZnCl, <56% vyield

Cdl, 20% yield

(NH4)2[ZnC4] 85% vyield
(NH4),[Cdl4] 95% yield

NH,4Cl 70% vyield

NH4l 90% vyield
(CHBMAH,)CIl,-nH,0 65% yield

Scheme 1. Additional catalytic proofs. After the reaction time, the conversion was calculated by
'H-NMR respect to the aldehyde.

Interesting statements can be concluded with these results. First, zinc chloride and
cadmium iodide do not promote the reaction efficiently. In contrast, ammonium salts
exhibit much higher activity. In general, slightly better results are obtained with Cd
derivatives (Cdl, vs. ZnCl, and (NHy4);[Cdly] vs. (NHy)2[ZnCly]), as also observed by us
with catalysts 2 and 3 (Table 5), due to the most electropositive properties of Cd against
Zn. Comparatively, complex 3 used in our developed procedure seems to provide similar
good results to (NHy),[Cdl,]. The different results obtained with the ammonium metal
halogenates is noteworthy. We cannot discard that the differences in the solubility of these
species could also affect their activity, and, consequently, the ammonium moieties may play
an important role in these complexes. The use of NH4Cl and NHyI also afforded very good
results. In contrast, the real cation of our species in 2 and 3, (CHBMH;)Cl,-nH,O afforded
only 65% yield. Therefore, in our species 2 and 3, a synergistic effect in the acidity of the
system should exist in order to arrive at quantitative yield values as reported in Table 5 and
Figure 9, concluding that both parts of the structures are necessary (see the values obtained
with CdI4(NHy4); and ZnCly(NHy), in comparison with Cdl, or ZnCl, and NH4I or NH4Cl,
respectively). The value obtained with the catalyst (CHBMAH;)ZnCl;-2H,0O 2 in Table 5
(71%) in comparison with their species separately ZnCl, (5%) and (CHBMH;)Cl, (51%) is
also remarkable. A synergistic effect beyond our understanding should be invocated to
understand the better yields obtained with both parts of the catalysts. At this point, maybe
computational calculations could support a more concrete mechanism.
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4. Materials and Methods

All the used chemicals zinc(II) bromide, zinc(Il) chloride, cadmium(ll) iodide, hy-
drobromic acid (47%), hydrochloric acid (37%), and 1,3-cyclohexanebis(methylamine),
abbreviated CHBMA, were obtained from commercial sources and used without further
purification. CHBMA was purchased as a mixture of cis and trans isomers.

Simultaneous thermogravimetric and differential thermal analysis (TGA-DTA) data
were obtained using a TG-DTA 2960 SDT thermal analyzer. The sample (m = 4.40610 mg)
was placed in an open alumina crucible and heated, under nitrogen flow Ny, from room
temperature to 600 °C with a 10 °C/min heating rate; an empty crucible was used as reference.

Purification of the reaction products was carried out by column chromatography
using neutral alumina. Analytical thin layer chromatography was performed on 0.25 mm
silica-gel 60-F plates. An ESI and a MicroTof-Q mass analyzer were used for HRMS
measurements. 'H NMR spectra were recorded at room temperature on a BRUKER
AVANCE 11 300 spectrometer (*H, 300 MHz), with chemical shifts (ppm) reported relative
to the solvent peaks of the deuterated solvent. CD3CN was used as the deuterated solvent.
Chemical shifts were reported in the J scale relative to residual CH3CN (1.94 ppm) for
'H-NMR and to the central line of CD3CN (1.32 ppm) for '3C-APT NMR.

4.1. Synthesis
4.1.1. Synthesis of (CHBMAH;)ZnBr4-3/2H,0, 1

Crystals of (CHBMAH;)ZnBry4-3/2H,0 were obtained at room temperature by the
slow evaporation of an aqueous solution containing 1,3-cyclohexyl(methylamine) (CHBMA),
ZnBr; and hydrobromic acid HBr (47%) in a 1:1:2 molar ratio. The reaction can be schemat-
ically written as:

HBMA + (Zn2*, 2Br~) + 2(H;O%, Br~) — (CHBMAHS,)ZnBr4-3/2H,0 + 0.5H,0

The reaction mixture was stirred for 20 min until complete dissolution occurred. After
slow evaporation of the solution at room temperature over a period of 7 days, air stable
colorless crystals of 1 suitable for X-ray diffraction were selected (yield ~ 55%).

4.1.2. Synthesis of (CHBMAH;)ZnCly, 4

The new compound (CHBMAH,)ZnCly 4 was obtained by heating the hydrated
sample (CHBMAH;)ZnCl,-2H,0 2 [25] at a temperature of about 140 °C for 45 min and
then cooling to room temperature.

4.2. Crystal Structures Determination and Refinement

Crystal structures for compounds 1 and 4 have been determined by single-crystal
XRD [61]. Selected parameters about the crystal structures, experiment and refinement are
given in Table 1. Bond length and bond angles are summarized in Tables S1 and S2 in the
Supporting Information section. C— and N-bound H atoms, for compounds 1 and 4, were
placed geometrically and refined as riding, with N-H = 0.89 A and C-H = 0.97 A. The H
atoms of the water molecules of 1 were refined freely. For full information on the structures
refinements, the reader is referred to files CIFs (for 1 CCDC 2073639, for 4 CCDC 2073638).

4.3. Hirshfeld Surface Calculation

The program CrystalExplorer [62] was used to execute Hirshfeld surface analysis to
obtain additional insights concerning the crystal packing. The calculation was performed
using the CIF files of the synthesized crystals. The quantification and description of the
intermolecular interactions in the crystal structure are visualized using dnorm and two-
dimensional fingerprint plots. The Hirshfeld surface mapped over dnorm takes negative
or positive values depending on whether the intermolecular contact is shorter or longer,
respectively, than the van der Waals radii. To visualize the intermolecular contacts on the
Hirshfeld surface mapped over dporm, a color gradient (blue-white-red) is used when the
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intermolecular contacts are shorter, equal, or longer than the van der Waals separation,
respectively. The two-dimensional fingerprint plot provides the decomposition of Hir-
shfeld surfaces into specific interatomic contacts contains information related to specific
intermolecular interactions.

4.4. Catalytic Study

The compounds 2 (5-10 mol%) or 3 (5-10 mol%) and aldehyde 5 (0.1 mmol) were
dissolved in the corresponding alcohol ROH 6 (0.25 mL) in a test tube (Table 5). The
resulting mixture was stirred at the temperature indicated in Table 5 (40, 50, or 60 °C) for
the time indicated in the same Table 5 (24, 48, or 72 h). The reactions were monitored by
thin-layer chromatography. The conversions of the reaction are given by 'H NMR. The
final scope (Figure 9) is conducted using 3 (8 mg, 0.01 mmol) and 0.1 mmol of aldehydes
5a—i at 60 °C and using n-amyl alcohol 6e (250 pL). The reaction crudes were purified by
column chromatography (neutral alumina, hexane: Et,O, 9:0 to 9:1).

4.5. Characterization of Acetals 7ae-7ie

1-(Bis(pentyloxy)methyl)-3-nitrobenzene 7ae: compound 7ae was obtained as a yellow oil
in 92% yield. 'H NMR (300 MHz, CD;CN) § 0.89 (t, ] = 6.0 Hz, 6H), 1.22-1.44 (m, 8H),
1.49-1.70 (m, 4H), 3.53 (qt, ] = 9.4, 6.5 Hz, 4H), 5.57 (s, 1H), 7.55-7.67 (m, 1H), 7.77-7.86 (m,
1H), 8.13-8.21 (m, 1H), 8.21-8.28 (m, 1H); *C-APT NMR (75 MHz, CD3CN) 6§ 14.3 (2C),
23.2 (2C), 29.2 (2C), 30.1 (2C), 66.9 (2C), 101.3 (1C), 122.3 (1C), 124.1 (1C), 130.5 (1C), 134.0
(1C), 142.9 (1C), 149.3 (1C); HRMS (ESI+) caled for C;7HyNNaO, 332.1832, found 332.1833
[M + Nal.

1-(Bis(pentyloxy)methyl)-4-nitrobenzene 7be: compound 7be was obtained as a yellow oil
in 95% yield. 'H NMR (300 MHz, CD5CN) & 0.80-0.98 (m, 6H), 1.22-1.43 (m, 8H), 1.47-1.68
(m, 4H), 3.52 (qt, ] = 9.4, 6.5 Hz, 4H), 5.55 (s, 1H), 7.57-7.70 (m, 2H), 8.15-8.26 (m, 2H);
13C-APT NMR (75 MHz, CD3CN) 6 14.3 (2C), 23.2 (2C), 29.2 (2C), 30.1 (2C), 67.0 (2C), 101.5
(1C), 124.3 (2C), 128.7 (2C), 147.7 (1C), 148.9 (1C); HRMS (ESI+) caled for C17Hp7INNaOy
332.1832, found 332.1840 [M + Na].

1-(Bis(pentyloxy)methyl)-3-chlorobenzene 7ce: compound 7ce was obtained as a yellow oil
in 72% yield. 'H NMR (300 MHz, CD;CN) § 0.81-0.98 (m, 6H), 1.23-1.42 (m, 8H), 1.50-1.66
(m, 4H), 3.49 (qt, ] = 9.4, 6.5 Hz, 4H), 5.44 (s, 1H), 7.31-7.46 (m, 4H); 3C-APT NMR (75 MHz,
CD;CN) 6 14.3 (2C), 23.2 (2C), 29.2 (2C), 30.1 (2C), 66.8 (2C), 101.8 (1C), 126.1 (1C), 127.5
(1C), 129.1 (1C), 130.8 (1C), 134.5 (1C), 149.1 (1C); HRMS (ESI+) caled for C7Hp7CINaO,
321.1592, found 321.1586 [M + Na].

1-(Bis(pentyloxy)methyl)-3-bromobenzene 7de: compound 7de was obtained as a yellow oil
in 65% yield. 'H NMR (300 MHz, CD3CN) 6 0.73-1.05 (m, 6H), 1.17-1.46 (m, 8H), 1.46-1.70
(m, 4H), 3.49 (tdd, ] = 15.9, 9.4, 6.6 Hz, 4H), 5.43 (s, 1H), 7.20-7.35 (m, 1H), 7.35-7.45 (m, 1H),
7.45-7.54 (m, 1H), 7.59 (s, 1H); 13C-APT NMR (75 MHz, CD;CN) § 14.3 (2C), 23.2 (2C), 29.2
(2C), 30.1 (2C), 66.7 (2C), 101.7 (1C), 122.7 (1C), 126.5 (1C), (1C), 130.5 (1C), 131.1 (1C), 132.1
(1C), 149.3 (1C); HRMS (ESI+) caled for C17H;;BrNaO, 365.1087, found 365.1071 [M + Na].

1-(Bis(pentyloxy)methyl)-4-bromobenzene 7ee: compound 7ee was obtained as a yellow oil
in 70% yield. 'H NMR (300 MHz, CD5CN) § 0.80-0.98 (m, 6H), 1.21-1.42 (m, 8H), 1.48-1.67
(m, 4H), 3.47 (qt, ] = 9.0, 6.0 Hz, 4H), 5.42 (s, 1H), 7.30-7.39 (m, 2H), 7.47-7.57 (m, 2H);
13C-APT NMR (75 MHz, CD3CN) 6 14.3 (2C), 23.2 (2C), 29.2 (2C), 30.2 (2C), 66.7 (2C), 102.0
(1C), 122.6 (1C), 129.6 (2C), 132.1 (2C), 140.0 (1C); HRMS (ESI+) caled for Cy7Ho7BrNaO;
365.1087, found 365.1064 [M + Na].

4-(Bis(pentyloxy)methyl)benzonitrile 7fe: compound 7fe was obtained as a yellow oil in
95% yield. 'H NMR (300 MHz, CD3CN) & 0.80-1.00 (m, 6H), 1.20-1.45 (m, 8H), 1.53-1.73
(m, 4H), 3.37-3.60 (m, 4H), 5.52 (s, 1H), 7.58 (d, ] = 6.0 Hz, 2H), 7.66 (d, ] = 9.0 Hz, 2H);
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13C_.APT NMR (75 MHz, CD5CN) 6§ 14.3 (2C), 23.2 (2C), 29.2 (2C), 30.1 (2C), 67.0 (2C),
101.8 (1C), 112.7 (1C), 128.5 (2C), 133.1 (2C), 145.8 (1C), 160.2 (1C); HRMS (ESI+) calcd for
C1sHo7NNaO; 312.1934, found 312.1921 [M + Nal].

1-(Bis(pentyloxy)methyl)-4-(trifluoromethyl)benzene 7ge: compound 7ge was obtained
as a yellow oil in 89% yield. "H NMR (300 MHz, CD3CN) & 0.83-0.96 (m, 6H), 1.25-1.43
(m, 8H), 1.52-1.66 (m, 4H), 3.37-3.64 (m, 4H), 5.52 (s, 1H), 7.61 (d, | = 6.0 Hz, 2H), 7.696
(d, ] = 9.0 Hz, 2H); 13C-APT NMR (75 MHz, CD5CN) § 14.3 (2C), 23.2 (2C), 29.2 (2C), 30.2
(2C), 66.9 (2C), 101.9 (1C), 125.4 (q, ] = 269.3 Hz, 1C), 126.0 (q, | = 3.8 Hz, 2C), 128.3 (2C),
130.6 (q, ] = 55.8 Hz, 1C), 145.0 (2C); HRMS (ESI+) caled for C1gHy7F3NaO, 355.1855, found
355.1865 [M + Nal.

(Bis(pentyloxy)methyl)benzene 7he: compound 7he was obtained as a yellow oil in 55%
yield. 'H NMR (300 MHz, CD3CN) 6 0.74-1.05 (m, 6H), 1.18-1.43 (m, 8H), 1.50~1.66 (m,
4H), 3.34—3.63 (m, 4H), 5.44 (s, 1H), 7.25-7.53 (m, 5H); 1*C-APT NMR (75 MHz, CD3CN) &
14.3 (2C), 23.2 (2C), 29.2 (2C), 30.2 (2C), 66.7 (2C), 102.8 (1C), 127.5 (2C), 129.0 (2C), 129.2
(1C), 140.7 (1C); HRMS (ESI+) caled for C17HpgNaO, 287.1982, found 287.1968 [M + Nal].

1-(Bis(pentyloxy)methyl)-4-methoxybenzene 7ie: compound 7ie was obtained as a yellow
oil in 17% yield. 'H NMR (300 MHz, CD3CN) § 0.82-0.95 (m, 6H), 1.21-1.40 (m, 8H),
1.48-1.64 (m, 4H), 3.35-3.59 (m, 4H), 3.78 (s, 3H), 5.38 (s, 1H), 6.85-6.95 (m, 2H), 7.28-7.38
(m, 2H); 3C-APT NMR (75 MHz, CD;CN) 6§ 14.3 (2C), 23.2 (2C), 29.3 (2C), 30.2 (2C), 55.9
(1C), 66.5 (2C), 102.7 (1C), 114.3 (2C), 128.8 (2C), 132.9 (1C), 160.6 (1C); HRMS (ESI+) calcd
for C1g8H30NaO3 317.1787, found 317.1768 [M + Nal].

5. Conclusions

In conclusion, two new organically templated perhalidometallates, (CHBMAH;)ZnBry-
3/2H,0 1 and (CHBMAH;)ZnCl, 4 have been prepared, in single-crystal form by a slow
evaporation method at room temperature. A single-crystal X-ray diffraction study shows
that 1 crystallizes in the non-centrosymmetric space group (P21212), while 4 crystallizes
in the centrosymmetric space groups (P2;/c). The crystal packing in all obtained ma-
terials is ensured mainly by forming H-bonded networks of different dimensionality
and Van der Waals interactions, which are in close agreement with the Hirshfeld surface
analysis. Further, although CHBMA was utilized as a mixture of cis and trans isomers,
the synthesis of 1 shows selectivity for cis CHBMA isomers, while other syntheses re-
ported in the literature show selectivity for trans CHBMA isomers. Interestingly, the
crystallization process might be a possible technique for the separation and recognition
of CHBMA isomers. Finally, compound 4 was obtained during a solid-state dehydration
reaction of (CHBMAH;)ZnCly-2H,0 2, which took place as an uncommon single-crystal-
to-single-crystal transformation. The structure of this dehydrated compound 4 contains
one disordered (CHBMAH,)?** cation with two possible cyclohexane ring positions. Such
a dehydration process is associated with a change in the lattice parameters and structure
reconstruction. Additionally, the catalytic activity of 2 and 3 has also been explored in the
acetalization reaction of aldehydes as a model process. Both catalytic structures exhibited
promising activity using different and uncommon alcohols as the unique source of acetal-
ization. This procedure opens the door to exploring new sources of acetalization using very
accessible and simple alcohols, beyond methanol or ethanol. Both parts of the catalysts
(anion and cation) seem necessary to achieve such good yields. At this point, computa-
tion calculations could support a more plausible mechanism and mode of activation at
molecular level.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.3
390/ catal11070758 /51, Table S1: Selected bond length and bond angles in (CHBMAH,)ZnBr,-3/2H,0 1,
Table S2: Selected bond length and bond angles in (CHBMAH,)ZnCly 4, Figure S1: Two-dimensional
fingerprint plots with dnorm view of individual interaction of (CHBMAH;)ZnBr4-3/2H,0, 1: (a) over-
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all, (b) Br---H, (c) H---H and (d) O---H, Figure S2: Two-dimensional fingerprint plots with dnorm view
of individual interaction of (CHBMAH,;)ZnCly, 4: (a) overall, (b) Br---H, (¢) H---H and (d) C---H,
Figure S3: 'H and 3C-APT (CD3CN) NMR spectra of 1-(bis(pentyloxy)methyl)-3-nitrobenzene 7ae,
Figure S4: 'H and '3C-APT (CD3CN) NMR spectra of 1-(bis(pentyloxy)methyl)-4-nitrobenzene 7be,
Figure S5: 'H and '3C-APT (CD3CN) NMR spectra of 1-(bis(pentyloxy)methyl)-3-chlorobenzene 7ce,
Figure S6: 1H and 13C-APT (CD3CN) NMR spectra of 1-(bis(pentyloxy)methyl)-3-bromobenzene 7de,
Figure S7: 1H and 13C-APT (CD3CN) NMR spectra of 1-(bis(pentyloxy)methyl)-4-bromobenzene
7ee, Figure S8: 'H and '3C-APT (CD5CN) NMR spectra of 4-(bis(pentyloxy)methyl)benzonitrile 7fe,
Figure S9: 1H and 1BC-APT (CD;CN) NMR spectra of 1-(bis(pentyloxy)methyl)-4-(trifluoromethyl)
benzene 7ge, Figure S10: H and 13C-APT (CD3;CN) NMR spectra of (bis(pentyloxy)methyl)benzene
7he, Figure S11: 'H and '3C-APT (CD3CN) NMR spectra of 1-(bis(pentyloxy)methyl)-4-metho-
xybenzene 7ie.
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