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Abstract

A novel and highly soluble bis(hydrazone) was synthesized and characterized by different spectroscopic means. This
compound was used as a ditopic ligand for the self-assembly of a grid-like complex using Zn? as metal cation. The
structure of this compound was fully confirmed by NMR (1D and 2D). The electronic and electrochemical properties
were studied using cyclic voltammetry, Osteryoung square wave voltammetry, and UV-Vis spectroscopy. The present
work highlights the use of NMR spectroscopy as a tool to describe and analyse the formation of grid-like complexes
based on the rotation of the phenyl group attached to the pyrimidine ring. Furthermore, the electrochemical results
showed that the bis(hydrazone) 3 exhibits several different redox processes that are affected by the interaction with
the metal cation as observed for the grid-like complex. Although the electrochemical processes are all irreversible,
this article aims to be an initial study in the search for supramolecular complexes that can be used as electrochemical
switches. © 2019. Acad. Colomb. Cienc. Ex. Fis. Nat.
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Propiedades electroénicas y electroquimicas de una estructura del tipo de Zn(I1)
Resumen

Una nueva bis(hidrazona), altamente soluble en solventes organicos comunes, se sintetizd y caracterizd mediante
diversas técnicas espectroscopicas. El compuesto se utilizé como ligando ditopico en la construccion de estructuras
supramoleculares de tipo rejilla (rejillas supramoleculares o complejos metélicos de tipo rejilla) utilizando Zn?*
como cation metalico. El complejo supramolecular se confirmoé mediante resonancia magnética nuclear RMN-'H y
bidimensional. El arreglo de tipo rejilla se determiné mediante las sefiales de RMN-'H del anillo fenilo del ligando
organico que cambia su velocidad de rotacion y, por ende, su ambiente quimico al coordinarse en dicho arreglo. Por
ultimo, se realizaron estudios de UV-Vis y voltamperometria ciclica y de onda cuadrada, con el fin de determinar
las propiedades optoelectronicas y electroquimicas de estos compuestos. Tanto la bis(hidrazona) como el complejo
de tipo rejilla aqui presentados, exhiben varios potenciales de oxidacion-reduccion, los cuales se estudiaron en
detalle mediante las técnicas mencionadas y cuyo estudio sirve de base para el desarrollo futuro de estructuras
supramoleculares que puedan utilizarse como interruptores moleculares electroquimicos. © 2019. Acad. Colomb.
Cienc. Ex. Fis. Nat.

Palabras clave: Bis(hidrazona); Rejillas supramoleculares; Quimica supramolecular; Quimica de coordinacion.

Introduction

The miniaturization of functional materials used in different
technological devices has been based on different “top-
down” approaches. The findings in this field of research
have resulted in the technological boom we now live in.
However, given the imminent impossibility to obtain smaller
materials, which would hinder technological development,
several new approaches have started to gain attention in the
scientific community. Based on the self-assembly of well-
defined molecular pieces via covalent and non-covalent
interactions (Lehn, 2006), supramolecular chemistry has
attracted a lot of interest since its definition by Jean-Marie
Lehn (Lehn, 1988) and has resulted in the construction of

several functional materials, an evolution that reached its
climax when the chemistry Nobel prize was awarded in
2016 to Sir Fraser Stoddard, Ben Feringa, and Jean-Pierre
Sauvage for their work in “the design and synthesis of
molecular machines” (Nobelprize.org, 2016).

The study of the self-assembly of different compounds
has resulted in complex and well-defined structures such as
catenanes (Wasserman, 1960), molecular knots (Dietrich-
Buchecker & Sauvage, 1989), macrocycles (Busch, 1967,
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Curtis, 1960), and metallogrids (Hanan, et al., 1997,
Ruben, et al., 2004). In this regard, grid-like metal ion
arrays have gained an important place because of their well-
defined structure and their interesting physical properties.
Nowadays, there are several examples of the highly rich
chemical properties of these compounds among which we
can mention complexes that show spin crossover behavior
(Breuning, et al., 2000; Shen, et al., 2016; Wu, et al.,
2014), antiferromagnetic properties (Biswas, et al., 2014;
Parween, et al., 2017), and magnetic coupling (Thompson,
et al., 2005), multiple redox states (Ruben, et al., 2000;
Uppadine, et al., 2005), and pH-dependent electronic
properties (Ruben, et al., 2003). All of these, combined with
the well-positioned metal ions in the organic matrix, make
metallogrids a potential part of future memory devices, logic
operators or write and read devices (Alam, et al., 2005).

The design of this grid-like supramolecular arrays by
self-assembly requires the synthesis of ligands with the
necessary information to arrange the metal cations (on a
plane) in a square-like arrangement (Dawe, et al., 2009;
Dawe & Thompson, 2008; Harrowfield & Lehn, 2012).
Early examples of metallic grids employed different biden-
tate and tridentate ligands based on bi(pyridines) (Youinou,
etal., 1992) and terpyridines (Garcia, et al., 1999). However,
due to their cumbersome synthesis and low yields, several
groups shifted toward ligands with the core pyridine-
pyrimidine-pyridine connected by hydrazone moieties
(-C=N-N-) (Ruben, et al., 2003).

Bis(hydrazones) have allowed the synthesis of different
grid-like structures with a wide range of metal cations
(Hardy, 2013; Stefankiewicz, et al., 2009). However, the
solubility of these ligands tends to be low, affecting the grid
formation and the yields of the final product. To solve this
problem, recently, several bis(hydrazones) bearing alkyl
groups have been reported, which increase the solubility of
the ligand (and its complexes) in several organic solvents (for
instance, chloroform, acetone, dimethylformamide, tetra-
hydrofuran, among others) (Carmona-Vargas, et al., 2017
Chaur-Valencia, et al., 2018) allowing full characterization
in solutions. In this regard, herein we report the synthesis
of a new bis(hydrazone) ligand with an orthophenylbutane
substituent highly soluble in different common organic
solvents. Spectroscopy characterization and its use in the
synthesis of grid-like complexes using Zn* as metal cation
is reported as well. We also render the full electrochemical
characterization of the free ligand and the grid complex and a
full NMR characterization of the complex. Our purpose was
to increase the knowledge on this bis(hydrazone) ligands and
their performance in the preparation of grid complexes.

Experiments

Materials and physical methods. All starting materials
and solvents were purchased from Sigma-Aldrich® and
used without further purification. The NMR (1D and 2D
experiments), UV—Vis, fluorescence spectra, and elemental
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analysis were recorded on an NMR 400 MHz Bruker
UltraShield™, a Pharma Spec Shimadzu JASCO V-730
UV-VIS spectrophotometer, a JASCO FP-8500 spectro-
fluorimeter, and a Thermo flashEA #1112 series instrument
with a CHN analyzer, respectively.

Synthesis of bis(hydrazone) (3) and Zn?* metallogrid.
2-(4-butylphenyl)-4,6-dihydrazinylpyrimidine (2). 101.2 mg
of 2-(4-butylphenyl)-4,6-dichloropyrimidine (1) (0.36 mmol
'"H-NMR on figure S1, https://www.raccefyn.co/index.php/
raccefyn/article/downloadSuppFile/822/3773) were mixed
with an excess of monohydrated hydrazine (1.0 mL, 20.6
mmol) and refluxed for 6 hours under an inert atmosphere.
Afterward, the excess of monohydrated hydrazine was
removed from the desired product by reduced pressure.
Compound (2) was obtained as a white powder with a
96% yield. '"H-NMR (400 MHz, DMSO-d,), 6/ppm: 8.18
(2H, d, J=8 Hz, HS8), 7.55 (2H,s, H15) 7.24 (2H, d, J=12
Hz, H9), 5.98 (1H, s, HS), 3.18 (4H, s, H16), 2.64 (2H, t,
H11), 1.62-1.54 (2H, q, H12), 1.37-1.28 (2H, m, H13), 0.93-
0.89 (3H, t, H14) (see Figures S2, https://www.raccefyn.co/
index.php/raccefyn/article/downloadSuppFile/822/3774).
BC- NMR (101 MHz, DMSO-d,) &/ppm: 128.2, 128.0,
35.2,33.5, 22.3, 14.3 (see Figure S3, https://www.raccefyn.
co/index.php/raccefyn/article/downloadSuppFile/822/3884
and S4, https://www.raccefyn.co/index.php/raccefyn/article/
downloadSuppFile/822/3885).

2-(4-butylphenyl)-4,6-bis((E)-2-(pyridin-2-
ylmethylene)hydrazinyl) pyrimidine (3). 90.6 mg of com-
pound 2 (0.333mmol) were added to 4 mL ethanolic solution
of 2-pyridincarboxaldehyde (0.07mL 0.736mmol) and the
resulting solution was mixed under reflux for 8 hours. Then,
the crude was concentrated using rotatory evaporation. The
desired product 3 was obtained by precipitation using cold
acetonitrile, filtered and recrystallized in ethanol with a
78% yield. M.p. 241-242 °C. "H-NMR (400 MHz, CDCl,),
&/ppm: 8.97 (2H, s, H15), 8.66-8.65 (2H, d, J=1 Hz, H22),
8.27-8.24 (2H, d, J=8 Hz, H8), 8.13-8.11 (2H, d, J=8 Hz,
H19), 7.96 (2H,s, H17), 7.83-7.79 (2H, t, H20), 7.32-7.29
(4H, H9-H21), 7.14 (1H, s, H5), 2.70-2.66 (2H, t, H11),
1.67-1.59 (2H, q, H12), 1.43-1.33 (2H, m, H13), 0.97-0.93
(3H, t, H14) (Figure S2, https://www.raccefyn.co/index.php/
raccefyn/article/downloadSuppFile/822/3774). *C- NMR
(101 MHz, CDCl,), &/ppm: 149.5, 142.3, 136.4, 128.6,
127.9, 123.6, 120.4 (Figure S5, https://www.raccefyn.co/
index.php/raccefyn/article/downloadSuppFile/822/3886;
and S6, https://www.raccefyn.co/index.php/raccefyn/article/
downloadSuppFile/822/3887). Elemental analysis for
C,H,¢N, CH.CN; calculated percentage (%): C 68.41; H 5.95;
N 25.64; percentage (%) found: C 68.43; H 5.68; N 23.86.

Metallogrid [Zn,(3),]-(BF,),. 20.8 mg (0.046mmol) of
ligand 3 were added to a 5 mL round flask with 2.0 mL of
MeCN under stirring. Then, a solution of Zn(BF,), -7H,0
(16.9 mg in 2mL of MeCN) was added dropwise to the stirring
solution. After 24 hours, the initial suspension turned into a
yellow solution. The complex was precipitated by the slow
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addition of diethylether and filtered for a 90% yield. M.p.:
>293 °C. 'H-NMR (400 MHz, MeCN-d,), 8/ppm: 7.88-7.84
(2H,1),7.77 (2H,s), 7.73-7.72 (2H, d, J=4 Hz), 7.56-7.54 (2H,
d, J=8 Hz), 7.38 (1H, s), 7.26-7.23 (2H, t), 6.91 (1H, s), 6.48
(1H, s), 6.30 (1H, s), 5.44 (1H, s), 3.14-3.09 (2H, t), 2.07-
1.99 (2H, q), 1.85-1.77 (2H, m), 1.31-1.28 (3H, t) (Figures
S7, https://www.raccefyn.co/index.php/raccefyn/article/
downloadSuppFile/822/3888; S8, https://www.raccefyn.co/
index.php/raccefyn/article/downloadSuppFile/822/3889;
and S9, https://www.raccefyn.co/index.php/raccefyn/article/
downloadSuppFile/822/3890). *C-NMR (101 MHz, CD,CN),
&/ppm: 149.5, 142.3,136.4, 128.6, 128.4 127.9, 127.2, 123.6,
120.4. Elemental analysis: Calculated percentage (%) for
the molecular formula C H N,BF_ O Zn, ([Zn,(3),]
(BF,), 17(H,0)): C 40.76; H 4.54; N 14.63; percentage (%)
found: C 40.41; H 4.37; N 14.79.

Electrochemical experiments. Osteryoung Square Wave
Voltammetry (OSWYV) and Cyclic Voltammetry (CV) were
recorded on dry dimethylformamide (dried through common
procedures) using a three-electrode system with silver wire
as the pseudo-reference electrode, a platinum wire as the
auxiliary electrode, and a glassy carbon as the working
electrode. Peak potentials were referenced versus ferrocene.
All the data were recorded on an Autolab PGSTAT302N
potentiostat (Metrohm). CVs were measured in a range from
-2.5V t0 2.0 V in a scan rate of 100 mV/s with step poten-
tial of 0.01V unless otherwise stated. OSWV measure-
ments were carried out with a step potential of 0.005V, an
amplitude of 0.005 V, and a frequency of 20 Hz.

Results and discussion

Synthesis of the organic ligand 2-(4-butylphenyl)-4,6-
bis((E)-2-(pyridin-2-ylmethylene) hydrazinyl) pyrimidine.
The highly soluble bis(hidrazone) 3 required a 2-step
synthetic pathway as shown in Figure 1. Compound
2 was obtained with a 96% yield by the nucleophilic
aromatic substitution of compound 1 (used without further
purification) using hydrazine monohydrate as nucleophile
on an inert atmosphere after 8 hours; the excess of hydrazine
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was removed by rotatory evaporation and compound 2 was
precipitated as a white solid by the continuous addition of
diethyl ether.

Compound 2 turned out into a purple solid with
the presence of oxygen. The rapid decomposition of 2
prevented its storage. For this reason, hydrazine 2 must be
used immediately after preparation. To produce the target
hydrazone 3, 2 was dissolved in methanol with a drop of
chloroform and stirred until it was completely dissolved.
Then, pyridinecarboxaldehyde (2.2 equivalents) was added
dropwise to the solution. After 8 hours of reflux, a yellow
solid appeared in the bulk of the reaction. The solid was
filtered and recrystallized in ethanol to obtain the bis
(hydrazone) 3 as a white solid with 76% yield.

The "H-NMR of compounds 2 showed the presence of
the alkyl protons at high field. Additionally, at low field, in
the aromatic region, the hydrazine 2 presented two doublets
at 8.18 and 7.24 ppm that integrate for two protons each.
The correlation between these two signals is common for
substituting aromatic rings, which allowed us to assign the
two signals to protons 8 and 9 of the anisole ring. Another
feature of this compound is the presence of the hydrazine
NH protons that appear as two singlets at 7.55 and 3.18 ppm
(H-15, H-16). These signals integrated for 2 and 4 protons,
respectively, which confirmed the double substitution of the
chloride precursor.

Bis(hydrazone) 3 was also analyzed by 'H-NMR
means. As was expected, the high field signals present
in compound 3 underwent almost no change compared
with its precursor 2. Downfield, in the aromatic region,
five new signals corresponding to the new pyridine ring
and the imine proton can be seen. It is important to note
the shift to the lower field of the amine protons (H-15) due
to the presence of the hydrazone double bond. NOESY
experiments show a spatial correlation between protons
H-17 and H-15, which corresponds to the amine and imine
protons, respectively; this correlation is a clear indication
of a transoid con-formation common for this kind of
bis(hydrazones) (Stefankiewicz, et al., 2013).

Figure 1. Synthetic route of the grid-like complex [Zn,(3),](BF,),. Structure 3 must go through single-bond rotations (indicated with
arrows) in order to accommodate the tridentate pockets for coordination.
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Characterization of the grid-like complex. Grid-like
complexes are constructed by the self-assembly of polytopic
organic ligands with metal cations that allow octahedral or,
in some cases, a square planar geometry. In certain cases,
it is possible that the formation of the grid complexes
competes with other structures like helicates (Stadler,
et al., 2016), racks (Stadler, et al., 2006) and corner-like
structures (Stefankiewicz, et al., 2010). To prevent this kind
of competition it is important to pay special attention to
external factors like the solvent, the counter ion of the metal
salt, and the stoichiometric between the metal cation and
the organic ligand. In this work, we approached a synthetic
methodology (Ruben, et al., 2006) using Zn(BF,), as the
source for the metal cation. Zn?* is a well-known cation in
the construction of supramolecular grid-complexes thanks to
its diamagnetic behavior, which allows the characterization
of its complexes by NMR spectroscopy (Barboiu, et al.,
2006). Furthermore, different anions have shown a tem-
plating effect on the formation of certain supramolecular
structures (Hasenknopf, et al., 1997). Particularly in the
construction of grid-like complexes with Ni?* and Zn?,
anions like (BF,) and CIO, have led to the formation of the
desired [2x2] arrangements over bigger ones which have
resulted in different assemblies (Bu, et al., 2000; Campos-
Fernandez, et al., 2001).

Ligand 3 and the salt of Zn** were mixed with a 1:1
stoichiometric relation in acetonitrile. In the first minutes
of the reaction, the stirring crude appeared as a suspension,
then turned into a yellow solution thanks to the formation of
the grid complex. The reaction was left to stir for 24 hours to
ensure the formation of the most stable structure under our
experimental conditions. Thereafter, the grid-like complex
was precipitated using diethyl ether and filtered to obtain a
yellow solid with a 90% yield.

NMR spectroscopy was used to follow the changes
and shifts in the signals of the organic components of the
complex. Figure 2 shows the 'H-NMR spectrum of the
grid compound [Zn,(3),](BF,),. The signals in the high
field did not present much change in comparison with the
uncomplexed ligand 3. This similarity could be an indica-
tion of the position of the aliphatic chains outside of the grid
structure. On the other hand, the analysis of the aromatic
region of the spectrum shows four new signals at 5.47,
6.47, 6.89, and 7.45 ppm. To fully understand the nature of
these new signals, a bidimensional COSY NMR experiment
was carried out (Figure 3) showing a correlation between
the signals at 6.89 - 5.47 ppm and at 6.45 - 7.45 ppm. Such
correlations (Figure 2) correspond to the protons of the
phenyl group in position 2 of the pyrimidine ring.

In the free ligand, the phenyl ring rotates freely
around the pyrimidine-phenyl single bond axis (Figure 4).
This rotation creates a similar chemical environment for
the protons closer to the pyrimidine H, and H,. Similar
behavior was observed for the protons in the ortho position
to the aliphatic chain H-, and H,. As a result of this rotation,
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the 'TH-NMR of the free ligand show two signals, a doublet
and a multiplet, that integrate each of them for two protons.
On other hand, in the grid complex, the phenyl ring of the
bis(hydrazone) ligands inserts itself between two ligands
(Figure 3) parallel to the coordination pocket. The position
of the phenyl ring inside the compact grid structure creates
a steric hindrance that limits the rotation around the phenyl-
pyrimidine bond. This behavior results first in the shielding
of the inside protons of the phenyl ring shifting the signals
up to 5.43 ppm and finally results in the non-equivalence of
the phenyl protons (Rojo, et al., 1999). Phenyl substituents
in the position 2 of the pyrimidine ring are amongst the most
used in the construction of grid complexes. Their presence
allow several n- 7 interactions that stabilize the structure
(Dutta, et al., 2011)

The amount of information related in the bidimensional
experiments agreed with other grid complexes reported
in the literature (Barboiu, et al., 2006; Stefankiewicz, et
al., 2010), which allowed us to confirm that our complex
exhibited a grid structure in solution as shown in Figure
S10, https://www.raccefyn.co/index.php/raccefyn/article/
downloadSuppFile/822/3891; in which the phenyl group

Figure 2. 'H-NMR of the grid complex [Zn,(3),](BF,), (400 MHz,
CDCN)

Figure 3. COSY spectrum of the grid complex [Zn,(3))](BF,),
(400MHz, CD,CN)
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Figure 4. Representation of the steric hindrance of the phenyl group inside the grid complex

attached to the pyrimidine ring is right inside the grid
structure and the aliphatic chains are organized in the
outside of the structure. The elemental analysis for the
grid-like compound with the molecular formula ([Zn,(3),]
(BF,), 17(H,0)) resulted in C 40.76%, H 4.54%, and N
14.63%, which is consistent with the calculated one, further
confirming the grid-like complex in the bulk.

The UV-Vis spectrum of the metal grid complex and
the organic ligand 3 were taken using methanol as solvent.
The free ligand 3 exhibited a broad absorption band from
235 to 350 nm (Figure S11, https://www.raccefyn.co/index.
php/raccefyn/article/downloadSuppFile/822/3892). This
band, which is common in hydrazone systems, corresponds
to m-m* transitions present in the imine bond (C=N) of the
hydrazone moiety and the ones found in the pyridine and
pyrimidine rings (Wang, et al., 2010; Yu, et al., 2016). In
contrast with the free ligand, the Zn?* grid complex exhibited
two bands in the visible region corresponding to the above-
mentioned n-n* transitions; the bathochromic shift present
in the complex can be explained by the extended conjugation
in the grid structure (Stefankiewicz, et al., 2009).

Redox behavior. To fully understand the redox behav-
ior of ligand 3 and the grid complex [(Zn,(3),](BF,), we
conducted Cyclic Voltammetry (CV) and Osteryoung Square
Wave Voltammetry (SWV) experiments.

Cyclic voltammograms of compound 3 and grid com-
plex [(Zn,(3),] (BF,), are shown in Figure 5. Cathodic and
anodic potentials were swept in different experiments; the
arrows in the figure indicate both the beginning of the sweep
and its initial direction. After the study was completed,
ferrocene was added to the solution as an internal standard.
The anodic CV curve of compound 3 (upper trace) presented
an oxidation wave starting at 0.72 V; this process did not

Figure 5. Cyclic voltammograms of compound 3 and the metallic
grid complex [(Zn,(3),] (BF,),in DMF. Arrows show the initial
voltage and the direction of the sweep. Scan rate: 100 mVs’!

exhibit a well-defined re-reduction wave showing that it
is an irreversible process. However, a reduction peak was
observed at -1.23 V, which was not observed when the
sweep was initiated to cathodic potentials. Most likely,
when compound 3 is oxidized, a side reaction may occur
generating a stable species which is reduced at -1.23 V. The
latter is deduced from the shape of the wave and its current
intensity. Increasing the speed rate shifted this reduction
peak to more cathodic potentials and increased its current
intensity (Figure 6).

This phenomenon was not observed on the Zn*" grid
complex, which could be an indication that the oxidized
species of the grid complex are less stable than the ones
formed with the free ligand, even if both are apparently
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Figure 6. Cyclic voltammograms at different scan rates of (A) the oxidation processes in the free ligand 3 and (B) the grid complex

[(Zn,(3),] (BF),

related to the organic structure of the compounds considering
that the Zn?* is electrochemically inactive within the studied
potential window.

The complexation of 3 with Zn? results in a cathodic
shift of 70 mV for the oxidation process compared with the
free ligand. This oxidation process in different hydrazones
has been related to deprotonation of the N-H group in the
hydrazone moiety (Gordillo, et al., 2017; (Adenier, et al.,
2004). In the grid complex, the kinetics of the deprotona-
tion of this group is faster due to the stabilization of the
resulting negative charge by the Zn?* cation and the extended
conjugation of the structure.

On the other hand, the cathodic CV curve of compound
3 showed three reduction events that are irreversible in
nature. The first two reduction processes presented areas
of similar size and shape indicating that they may have the
same number of electrons involved in the process. Contrary
to this, the third reduction of 3 presented a bigger area com-
pared to the first two reductions, which can be translated
into more electrons associated with this reduction (Figure
4). The re-oxidation potentials of compound 3 coupled to the
two first reduction steps were anodically shifted compared
to the reduction potentials. The first two reduction events
on molecule 3 exhibited two re-oxidations that were signifi-
cantly shifted to more anodic voltages. The high kinetical
barrier of this re-oxidation process could mean that the
reduction of compound 3, at least in its first two reduction
steps, is coupled to a chemical reaction. Furthermore, we
can assure that these oxidation potentials are coupled to the
reduction since they only appeared in the cathodic curve
of the CV.

As mentioned before, the CV of compound 3 exhibited
two smaller oxidation waves when starting the sweep in the
cathodic direction. These processes that are associated with
the first and second reduction events of the compound, showed
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an increase in the peak current when the second reduction
took place at larger scan rates. When the same experiment
was carried out for the third reduction peak, the oxidations
not only increased their peak currents but also started to over-
lap. Besides, the peak potentials shifted cathodically implying
a change in the electron transfer mechanism.

For the complex, the CV showed two reduction events
around -2.5 V and -3.0 V, both irreversible (Figure 4).

OSWYV experiments (Figure 7) were carried out for
compound 3 and the Zn? grid complex. The OSWV of
compound 3 showed two oxidation peaks at 0.64 and 0.88
V, which were very close and not very well-defined due to
the overlapping of both waves. For compound 3 and for the
grid complex, probably adsorption of the sample over the
working electrode caused this closed double peak.

On the other hand, the OSWV showed three reduction
events for [(Zn,(3),](BF,), and the free ligand 3. Particularly,
the cathodic CV of the grid complex showed two reduction
events at -2.5 V and -3.0 V; as can be seen in the OSWV

Figure 7. Osteryoung Square Wave Voltammograms of compound
3 and the grid complex [(Zn,(3),] (BF ),
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(Figure 5), the first event in the CV was composed of two
separated reductions at -1.7 and 2.25 V. The three reduction
waves present in the grid complex are anodically shifted
compared to the ones of the free ligand, an indication that the
reduction processes are favored by the presence of the metal
cation (Zn?*), even if the metal used was not electrochemi-
cally active in the window of our experiments. The presence
of the positive charged ions and the highly conjugated systems
of the bis(hydrazone) ligands could add more stabilization
to the electrons added to the molecule. It is interesting that
the grid complex did not present the reduction events on the
anodic curve and the oxidation events on the cathodic curve
that can be seen on the free ligand. Their absence could be
an indication that the mechanism of the transfer process
changes from the free ligand to the grid complex.

The electrochemical events of the synthesized bis
(hydrazone) 3 and its grid complex [Zn,(3),] (BF,), were
compared to other bis(hydrazones) and different grid- and
rack-like complexes synthesized in our group (Table 1).
The analysis of the different bis(hydrazones) showed a
marked difference in the voltammetry potentials among
them. Our compound 3 presented the first reduction peak
at the most negative potential indicating that the addition of
heteroatoms (compounds 7 and 8 in Table 1) had a marked
effect on the ability of the organic compound to receive and
stabilize electrons. It is also interesting that lower reduction
potentials came from compounds without the phenyl ring
at position 2 of the pyrimidine ring, which is an indication
of the low participation of this substituent in the reduction
mechanism of these compounds.

It is evident that metal complexation also has an influence
on the electrochemical properties of these bis(hydrazone)
compounds. In all cases, complexes exhibit reduction poten-
tials anodically shifted when compared with the free ligands.
The magnitude of the shift is dependent on the nature of the
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metal cation. For instance, electrochemically active cations
like Co?" and Fe?* present lesser negative potentials than the
complexes of electrochemically inactive cations like Zn?
(Uppadine, et al., 2005). Electrochemical band gaps are
also affected by the interaction between the ligand and the
different metal cations. In fact, complexes exhibit smaller
band gaps than the free bis(hydrazone).

To explore the nature of the different redox potentials,
a series of CVs were recorded at different scan rates. Using
the Randless-Sevick equation (Equation 1) a graph of peak
current versus the square root of the scan rate was plotted
to verify whether the electrochemical processes were
controlled by diffusion or not. All events in compound
3 and the grid complex exhibited a linear correlation
between peak current vs square root of the scan rate (R?
of 0.99, approx.) (see Figure S12, https://www.raccefyn.
co/index.php/raccefyn/article/downloadSuppFile/822/3893
and S13, https://www.raccefyn.co/index.php/raccefyn/
article/downloadSuppFile/822/3894), indicating a diffusion
dependence and, therefore, fast electron transfer processes.

i, = 2.99x10° nAC (omDv)% (Eq. 1).

Cyclic voltammetry at different scan rates can be used
to analyze the behavior of the electron transfer processes in
the redox events. The oxidation of 3 and the grid complex
shows different behaviors when analyzed at different scan
rates. On one side, ligand 3 shows an increase in the current
as a function of the scan rate. Also, the peak potential of
the oxidation wave shifts towards more positive potentials.
The reduction wave connected to this oxidation process also
exhibits an increase in its peak current at faster scan rates.
It is possible that this reduction wave corresponds to the
reduction of an electrochemically active species generated
in the oxidation of the ligand (possible by the Electron
Transfer-Chemical Reaction mechanism) which explains
the differences in peak currents between the peaks.

Table 1. Peak potentials for the cathodic and anodic events of the compounds prepared and similar ones reported in the literature

Compound Reference E, ox E owew  Eprew  Eprww  Eprag AEM)
3 Present work 0.72 0.92 -2.34 -2.67 -3.26 -3.28
[Zn,(3),] (BF), Present work 0.65 0.83 -1.75 -2.26 -3.10 -2.47
4 (Chaur-Valencia, et al., 2018) 0.67 0.84 -1.10 -1.32 -2.29 -1.77
[Co,(4),] (BF), (Chaur-Valencia, et al., 2018) 0.66 0.79 -0.57 -1.11 -1.27 -1.23
5 (Fernandez, et al., 2015) 0.59 - -2.23 - - -2.82
[La,(53)]Cl, (Fernandez, et al., 2015) 0.67 - -1.36 - - 2.03
6 (Carmona-Vargas, et al., 2017) 0.69 - -2.33 -2.59 - 3.02
[Zn,(6)] CI, (Carmona-Vargas, et al., 2017) 0.58 - -1.43 -1.99 241 1.16
7 (Carmona-Vargas, et al., 2017) 1.00 1.18 -1.09 -1.30 - 2.09
[2n,(7)] Cl, (Carmona-Vargas, et al., 2017) 1.05 1.28 -0.35 -0.60 - 1.40
[Zn,(7),ICI, (Carmona-Vargas, et al., 2017) 0.58 0.86 -1.22 -2.28 2.50 1.80

*Peak potentials are present as such due to the irreversibility of the events and are reported vs ferrocene.
**AE in volts calculated by the difference between the first oxidation potential and the first reduction potential
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Figure 8. Cyclic voltammograms at different scan rates of the reduction processes in the free ligand 3. A) First two reduction events. B)

Full cathodic curve

Interestingly, grid complex [(Zn,(3),](BF,), shows the
separation of the oxidation wave into two different proc-
esses that separate from each other as the scan rate increases
(Figure 5). A presumable electron transfer mechanism could
be involved in this redox process. A similar approach was
used to analyze the reduction processes on ligand 3. In
cathodic processes, the increase of the scan rate results in
larger peak currents and a shift of the peak potentials to
more cathodic potentials (Figure 8).

Conclusions

A new bis(hydrazone) 3 with a p-butylphenyl substituent
in position two of the pyrimidine ring was successfully
synthesized. This compound exhibits a remarkable solubility
in common organic solvents. The bis(hydrazone) was then
tested for the preparation of metal grid complexes using
Zn(BF,),. The "H-NMR of the Zn** showed four individual
signals for the phenyl protons due to the steric effects related
to the position of this substituent in the supramolecular
structure confirming the formation of the target metal grid
structure. Electrochemical and UV-Vis analyses were carried
out to characterize the electronic properties of the prepared
compounds. The electrochemical analysis shows that the
grid complex can accept multiple electrons. Further analysis
also showed that the metal cation had a modular effect on the
redox processes. In fact, each redox potential is anodically
shifted in the grid structure compared to the free ligand.
Finally, it was established that the metal cation also affects
the electron transfer mechanism of the redox processes.

Supplementary material

We supply further details on the bidimensional NMR and
the C-NMR spectra of the bis(hydrazone) 3 and the grid
complex. Additionally, we provide complete Randless-
Sevick linearization for every redox potential found for the
bis(hydrazone) and the Zn?* complex.
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Figure S1. 'H-NMR (CDCl,, 400MHz) spectrum of 2-(4-butylphenyl)
-4,6-dichloropyrimidine (1). See the figure S1 in: https://www.
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Figure S2. '"H NMR of compounds 2 (400MHz, DMSO-d,) and 3
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Figure S3. BC-NMR (DMSO-d,, 101 MHz) spectrum of 2-
(4-butylphenyl)-4,6- dihydrazinylpyrimidine (2). See the figure S3
in: https://www.raccefyn.co/index.php/raccefyn/article/download
SuppFile/822/3884

Figure S4. '"H-NMR- NOESY of compound 3 (400 MHz, CDCl,).
See the figure S4 in: https://www.raccefyn.co/index.php/raccefyn/
article/downloadSuppFile/822/3885

Figure S5. *C-NMR (CDCl,, 101 MHz) spectrum of Bis (hydrazone)
3. See the figure S5 in: https://www.raccefyn.co/index.php/raccefyn/
article/downloadSuppFile/822/3886

Figure S6. 2D-NMR HSQC (CDCl,, 400 MHz) spectrum of
Bis(hydrazone) 3. See the figure S6 in: https:/www.raccefyn.co/
index.php/raccefyn/article/downloadSuppFile/822/3887

Figure S7. 2D-NMR COSY (CD,CN-d,., 400 MHz) of grid
complex [Zn, L,] -8(BF,). Aromatic region onset. See the figure S7
in: https://www.raccefyn.co/index.php/raccefyn/article/download
SuppFile/822/3888
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Figure S8. 2D-NMR COSY (CD,CN-d,., 400 MHz) of grid
complex [Zn, L,] -8(BF,). Aliphatic region onset. See the figure S8
in: https://www.raccefyn.co/index.php/raccefyn/article/download
SuppFile/822/3889

Figure S9. 2D-NMR NOESY (CD,CN-d,., 400 MHz) of grid
complex [Zn, L,] -8(BF,). Aliphatic region onset. See the figure
S9 in: https://www.raccefyn.co/index.php/raccefyn/article/download
SuppFile/822/3890

Figure S10. Rotation of the bis(hydrazone) 3 with A) and
without B) the presence of the metal cation. On free ligand cisoid
conformation is destabilized by the repulsion of the nitrogen lone
pairs. See the figure S11 in: https://www.raccefyn.co/index.php/
raccefyn/article/downloadSuppFile/822/3891

Figure S11. UV-Vis Spectra of ligand 3 and Grid like complex
[(Zn,(3),] (BF,); in methanol. See the figure S10 in: https://www.
raccefyn.co/index.php/raccefyn/article/downloadSuppFile/822/3892
Figure S12. Randless-Sevick linear fit for oxidation peaks in (a)
bis(hydrazone) (3) and (B) grid complex [Zn, L,] -8(BF,). See the
figure S12 in: https://www.raccefyn.co/index.php/raccefyn/article/
downloadSuppFile/822/3893

Figure S13. Randless-Sevick linear fit for oxidation peaks in (a)
bis(hydrazone) (3) and (B) grid complex [Zn, L,] -8(BF,). See the
figure S13 in: https://www.raccefyn.co/index.php/raccefyn/article/
downloadSuppFile/822/3894
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