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ABSTRACT

The elusive monosubstituted diruthenium complexes [RusCl(DAniF)(0O2,CMe)s] (1), [RuaCl(DPhF)(02CMe)s] (2),
[RuoCl(D-p-CNPhF)(02CMe)s] (3), [RuaCl(D-0-TolF)(02CMe)s] (4), [RupCl(D-m-TolF)(02CMe)s] (5), [RuxCl(D-
p-TolF)(02CMe)3] (6) and [RuxCl(p-TolA)(O2CMe)s] (7) have been synthesized using for the first time
ultrasound-assisted synthesis to carry out a substitution reaction in metal-metal bonded dinuclear compounds
(DAniF~ = N,N’-bis(4-anisyl)formamidinate; DPhF~ = N,N’-diphenylformamidinate; D-p-CNPhF~ = N,N’-bis(4-
cyanophenyl)formamidinate; D-o/m/p-TolF~ = N,N’-bis(2/3/4-tolyl)formamidinate; p-TolA~ = N-4-tolylami-
date). This is a simpler and greener method than the tedious procedures described in the literature, and it has
permitted to obtain water-soluble complexes with good yields in a short period of time. A synthetic study has
been implemented to find the best experimental conditions to prepare compounds 1-7. Two different types of
ligands, formamidinate and amidate, have been used to check the generality of the method for the preparation of
monosubstituted complexes. Five new compounds (2-6) have been obtained using a formamidinate ligand, the
synthesis of the previously described compound 1 has been improved, and an unprecedented monoamidate
complex has been achieved (7). The crystal structures of compounds 3 and 7 have been solved by single crystal X-
ray diffraction. These compounds show the typical paddlewheel structure with three acetate ligands and one
formamidinate (3) or amidate (7) bridging ligand at the equatorial positions. The axial positions are occupied by
the chloride ligand giving rise to one-dimensional polymer structures that were previously unknown for mon-
osubstituted compounds.

1. Introduction

(MWS) as a greener molecular activation method to prepare dir-
uthenium compounds [38-45]. The MWS has demonstrated to be very

Since mid-1960’s when Stephenson and Wilkinson [1] described the
synthesis of the first mixed-valent [RusCl(O2CR)4] (R = alkyl) com-
pound and Cotton and col [2] the first crystal structure, a big number of
Ru,>" paddlewheel diruthenium complexes with Ru-Ru bond order of
2.5 have been synthesized and characterized [3-8]. These compounds
have attracted interest for their practical applications in catalysts
[9-16], biomedicine [17-20], biotechnology [21-26] or by their po-
tential in material science due to their unique magnetic [27-36] and
redox properties [37].

The precise control of synthetic procedures is essential for the
obtention of new diruthenium derivates. The most common synthetic
routes are conventional methods, like the direct reaction in refluxing
solvents or in melted ligand precursors. In the last decade, our research
group has investigated the application of microwave-assisted synthesis

* Corresponding authors.

useful to substitute the four acetate ligands in [RuyCl(02CMe)4] by other
bridging ligands. However, this method focuses mainly on obtaining
fully substituted species, [RuzCl(L-L)4] (L-L = O,0-donor, N,fV—donor or
N,O-donor bridging ligands), and it does not generally lead to the in-
termediate substitution species, [RusCl(L-L)x(O2CMe)4x] (x =1, 2, 3).

The properties of monosubstituted complexes, [RupCl(L-L)
(02CMe)s], are quite unknown because they have been especially
elusive with any synthetic procedure. With N,N-donor ligands there are
two examples of monoformamidinatodiruthenium(ILIII) complexes
[7,8], one 2-amino-4,6-dimethylpyridinate derivative [46], one 2-
amino-4,6-dimethylpyrimidinate compound [47] and several mono-
anilinopyridinatodiruthenium(ILIII) complexes [48,49]. Their obten-
tion, based on a conventional synthesis method, is facilitated using a
steric hindrance ligand or requires chromatographic column
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purification. To date, no synthetic procedures have been described to
carry out monosubstitution processes using O,0- or N,O-donor bridging
ligands and only a few cases of bisubstituted species using carboxylate
ligands with high steric hindrance have been published [50,51]. In most
cases, only the tetrasubstituted species were described.

In the search of a more direct and greener synthetic method for the
preparation of monosubstituted compounds, sonochemistry arises as a
promising alternative [52]. In fact, ultrasound-assisted synthesis (USS)
is becoming one of the most popular techniques for the preparation of
organic [53] or inorganic materials [54]. In addition, USS is associated
with faster reaction rates, better yields and higher purity of products,
better selectivity, lower energy consumption and less use of hazardous
materials participating in the chemical processes [55]. This technique
has been recently applied to carry out a self-assembly reaction of a
heterometallic diruthenium(ILIII) carbonate, Na[Ni(H20)4Ru2(CO3)4]-
3H20, improving their synthesis conditions and magnetic properties
[56].

Inspired by this approach, we now report a novel and general route
for the preparation of monosubstituted Ruy®" derivatives using
ultrasound-assisted synthesis. To generalize this technique, six different
formamidinates and one amidate ligands have been tested. Thus, the
complexes [RuaCl(DAniF)(02CMe)s] (1), [RuaCl(DPhF)(02CMe)s] (2),
[RuzCl(D-p-CNPhF)(02CMe)s] (3), [RuxCl(D-0-TolF)(02CMe)s] (4),
[RuaCl(D-m-TolF)(02,CMe)s] (5), [RuxCl(D-p-TolF)(02CMe)s] (6) and
[RuzCl(p-TolA)(02CMe)s] (7) have been synthesized (DAniF~ = N,N'-
bis(4-anisyl)formamidinate; DPhF~ = N,N’-diphenylformamidinate; D-
p-CNPhF~ = N,N’-bis(4-cyanophenyl)formamidinate; D-o/m/p-TolF~ =
N,N'-bis(2/3/4-tolyl)formamidinate; p-TolA™ = N-4-tolylamidate). The
complexes have been characterized by elemental analyses, IR and
UV-Vis spectroscopy, ESI-MS, cyclic voltammetry, and magnetization
measurements. Single-crystal X-ray diffraction studies for compounds 3
and 7 have also been carried out.

2. Experimental

The Scheme 1 is a summary of the chemistry displayed in the present
work.

Compounds 1-7 have been prepared according to the following
procedure: To a round-bottomed flask containing [RupCl(O2CMe)4]
(0.4264 g, 0.9 mmol) and the corresponding N,N’-diarylformamidine
(1-6) or amide (7) (0.9 mmol) was added EtsN (300 uL) and ethanol (50
mL). The mixture was sonicated during 150 min (for 1, 5 and 6), 180

Ultrasonics Sonochemistry 80 (2021) 105828

min (for 2 and 3), 210 min (for 4), and 300 min (for 7) at 80 kHz, room
temperature and atmospheric pressure. The mixture was filtered
through Celite® in order to remove the unreacted [RuyCl(OoCMe)4] and
the solvent was evaporated under vacuum. The solid was washed with
ethyl ether (50 mL) for compounds 1, 3-7 or toluene (10 mL) for com-
pound 2, solved in distilled water (150 mL), and the solution was filtered
through Celite®. The aqueous solution was placed in a separatory fun-
nel, treated with brine (5 mL) and extracted with dichloromethane (2 x
50 mL). To the organic solution MgSO4 was added. The solution was
filtered off and concentrated to dryness. The solid was washed with a
10:6 mixture of hexane and acetone only in the case of compound 7 (10
mL). Then, the product was dried under vacuum.

[Ru2Cl(DAniF)(02CMe)3] (1) Anal. Calced for C21H24C1N208R-
uy-H20 (688.03 g/mol), C, 36.66; H, 3.81; N, 4.07; found C, 36.96; H,
4.10; N, 4.06; ESI-MS (CHCly) m/z caled for Co1Ho4NoOgRuy [M—CI]™
636.0, found 635.9; Yield: 0.4066 g (65%).

[Ru2C1(DPhF)(02CMe)3] (2). Anal. Calcd for C19H20C1N206R-
uy-H20 (627.99 g/mol), C, 36.34; H, 3.53; N, 4.46; found C, 36.61; H,
3.82; N, 4.60; ESI-MS (CHzClz) m/z caled for C19H20N206RU2 [M*Cl]Jr
575.0, found 574.9; Yield: 0.4863 g (86%).

[RuyCl(D-p-CNPhF)(0,CMe)s] (3). Anal. Caled for
C21H;8CIN4OgRus-H20 (678.00 g/mol), C, 37.20; H, 2.97; N, 8.26;
found C, 37.45; H, 3.23; N, 8.12; ESI-MS (CH,Cl;) m/z calcd for
C21H13N4O6RU2 [M*Cl]Jr 624.9, found 624.9; Yield: 0.4511 g (740/0).

[RusCl(D-0-TolF)(02CMe)s] (4). Anal. Calcd for CyHo4CIN,OgR-
uy-H20-0.5CH2Cl; (698.51 g/mol), C, 36.97; H, 3.90; N, 4.01; found C,
36.99; H, 4.16; N, 4.03; ESI-MS (CH>Cl,) m/z calcd for Cy1H24N20OgRus
[M—CI]" 603.9, found 603.9; Yield: 0.3951 g (63%).

[RupCl(D-m-TolF)(02,CMe)s] (5). Anal. Caled for
C21H24CIN2OgRu; (638.02 g/mol), C, 39.53; H, 3.79; N, 4.39; found C,
39.70; H, 4.14; N, 4.48; ESI-MS (CH,Cl,) m/z calcd for Cy1Ha4N2OgRuy
[M—CI]* 603.9, found 603.9; Yield: 0.4713 g (80%).

[RuyCl(D-p-TolF)(02CMe)s] (6). Anal. Calcd for Cp1H24CIN2OgR-
uy-Ho0 (656.04 g/mol), C, 38.45; H, 3.99; N, 4.27; found C, 38.41; H,
4.03; N, 4.27; ESI-MS (CH»Cly) m/z calcd for Co3Ho4NoOgRuy [M—CI]™
603.9, found 603.9; Yield: 0.4976 g (84%).

[RuyCl(p-TolA)(0O2CMe)3] (7). Anal. Caled for Ci4H;7CINO7Ruy
(548.88 g/mol), C, 30.64; H, 3.12; N, 2.55; found C, 30.75; H, 3.40; N,
2.76; ESI-MS (CH,Cly) m/z caled for Cp4H;7NO,Ruy [M—Cl]* 514.0,
found 514.0; Yield: 0.3219 (65%).

5 (l) X/\T [Ru,CI(DANIF)(0,CMe),] (1)
P
O N X EtN ‘0=n,_ . [RuCI(DPhF)(0,CMe),] (2)
or‘FJu‘;//OR‘U/O ))), RT 3 O:JU';/ORLO [RuiCl(D-p-CNP?F)(ofcnvue)s] (3)
a6 ' /| o) [Ru,Cl(D-0-TolF)(0,CMe),] (4)
o—/" o—/" [Ru,Cl(D-m-TolF)(0,CMe);] (5)

[Ru,CI(0,CMe),]

[Ru,CI(L-L)(0,CMe);]

X=0 —— Amidate (p-TolA") 4©—<"@

[Ru,Cl(D-p-TolF)(0,CMe)s] (6)
[Ru,Cl(p-TolA)(0,CMe)s] (7)
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Scheme 1. Synthesis of monosubstituted diruthenium compounds.
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3. Results and discussion
3.1. Synthetic method

According to the literature, all the methods described to obtain in-
termediate substitution species, using formamidinate ligands, have been
carried out through conventional synthesis where the activation energy
was heat. Table 1 summarizes the experimental conditions for the two
monoformamidinatodiruthenium(ILIII) compounds previously reported
and the conditions used in the present work for complexes [RuyCl
(DANIF)(0,CMe)s] (1), [RuzCl(DPhF)(O,CMe)s] (2), [RuoCl(D-p-
CNPhF)(02CMe)s] (3), [RuxCl(D-0-TolF)(0,CMe)s] (4) [RuyCl(D-m-
TolF)(02CMe)s] (5) [RuxCl(D-p-TolF)(02,CMe)s] (6) and [RuaCl(p-TolA)
(02CMe)s] (7).

To optimize the synthesis conditions of compounds 1-7, a study of
the most crucial variables involved in the process has been carried out:

a) Formamidine nature. Compounds 1-6 differ in the nature (donor/
acceptor properties) of the R substituent on the phenyl ring of the
formamidinates. Depending on the substituent nature the reaction
rate varies. Formamidines with electron donating group (R = OMe,
Me) show higher reaction rates while the formamidine with an
electron withdrawing substituent (R = CN) requires longer reaction
times. An exceptional case occurs in the synthesis of compound 4 (R
= Me). Although the methyl group should make the formamidine
more reactive, its position at ortho causes a great steric hindrance and
a longer reaction time is needed for the substitution process. The
amidine, as expected, is less reactive than the formamidines [39,40].
Therefore, compound 7 needs more time.

b) Atmosphere. In general, the compounds with metal-metal bonds are
quite air-sensitive. Several authors have described different synthetic
pathways for Ru,>" species under inert atmosphere (Ny or Ar)
[3,7,57] in order to protect the metal-metal bond, which adds dif-
ficulty to the procedure. In this work, all reactions were carried out
in air and without dry solvents, maintaining the stability and prop-
erties of the binuclear core as demonstrated the physicochemical
analyses. This had already been demonstrated by our research group
through different articles involving conventional synthesis [30,58]
and microwave-assisted synthesis [25,38-45], and it is also appli-
cable to ultrasound-assisted synthesis.

c) Reagents. Although the use of LiCl is necessary for the synthesis of
some intermediate species, [RusCl(L-L)x(O2CMe)s4] (x = 2 and 3)
[7,59], to improve the yield, in this case the synthesis with or
without LiCl, gives the same results, so it has been omitted.

d) Solvent. The best solvent to carry out the sonochemical substitution
of Rup®* derivatives is ethanol in which the yield of the reaction is
high. With other common organic solvents such as tetrahydrofuran
(THF), dichloromethane (DCM), acetone, or toluene the substitution
reaction does not occur. This inefficient sonochemical process can be
explained by the physical properties of these organic solvents
(Table 2) which produce low ultrasonic power (Up). Different at-
tempts were also made to execute the synthesis in aqueous medium

Table 1
Comparison of the experimental conditions to obtain monosubstituted com-
plexes between conventional methods and sonochemical assisted synthesis.

Compound Solvent T(C) t (h) Yield Ref
(%)
[Ru,Cl(DXyl>°F) Toluene ~110 36 32 [7,8]
(02CMe)s]
[RuxCl(DAniF) THF ~45 12 28 [8]
(02CMe)s] (1)
1-6 Ethanol RT 2.5-3.5 63-86 This
work
7 Ethanol RT 5h 65 This
work
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Table 2

Ultrasonic power (Up) and physical properties of tested solvents [60].
Solvent Vapor pressure Viscosity Surface tension Up

(kPa) (mPa-s) (Dyn/cm) w)

Acetone 24.53 0.33 23.3 1.98
Toluene 2.9 0.59 28.5 2.87
THF 17.3 0.55 28 2.14
DCM 46.99 0.44 28.1 1.38
Ethanol 5.9 1.08 22.3 3.47

where the starting reagent [RuaCl(O2CMe)4] is soluble. However, the
low solubility of the formamidines avoided the substitution reaction.

e) Time and temperature. The reaction times described in this work are
the minimum to consume the most [RuyCl(O2CMe)4] starting ma-
terial and the corresponding formamidine. Long sonication times
generate an increase of solvent temperature (T > 45 °C) which may
lead to increase the formation of by-products.

The synthesis of [RupCl(DAniF)(02CMe)s] (1) complex had been
described in the literature and involves inert atmosphere (N5), THF as
solvent, a 1:1.5 M ratio [RupCl(O2CMe)4]:HDAnIF, temperature lower
than 45 °C and 12 h of reaction time. A purification process of the final
product through filtration and chromatographic column is also neces-
sary. The application of USS has significatively enhanced the obtention
of compound 1, with a reduction of temperature and reaction time,
without the need of inert atmosphere or chromatographic column dur-
ing purification and achieving more than double yield. With the appli-
cation of USS to the obtention of monosubstituted compounds, it
becomes possible to reach some of the twelve principles of green
chemistry, such as atom economy, the avoid of high temperatures and
pressures or the design of energy-efficient processes.

This work describes for the first time that USS can be applied to carry
out ligand substitution reactions in metal-metal bonded binuclear
compounds.

3.2. Structural characterization and properties

The isolated compounds 1-7 are stable in both solution (in water,
dichloromethane, tetrahydrofuran, dimethyl sulfoxide, acetone, meth-
anol, and ethanol) and in the solid state under ambient conditions.

FTIR spectra of the compounds confirmed the presence of repre-
sentative functional groups due to the coordination of formamidinate or
amidate ligands to the diruthenium core (Fig. S1, ESI). Compounds 1-7
spectra contain the aromatic and non-aromatic C-H stretches around
3040 cm ™! and 2930 cm ™}, respectively, and sharp peaks at ~1640 and
1600 cm ! (U(C=C)ay), 21490 em ™! (1,(0-C-0)), ~1350 em ™ (vs (O-C-
0)), ~1070, 1020, 950 cm™' (5;p(C=C-H)a) and ~690 cm™'
(800p(C=C-H)a,). The spectrum of compound 7 containing an amidate
group shows a band at ~3340 cm ™! due to N-H stretching vibration and
a strong band in the 1430-1400 cm ™! region associated with a combi-
nation of the v(C=0), v(C-N) and v(C-C) vibration. For compounds with
formamidinate ligands (1-6), strong bands at ~1435, 1310 and 1225
cm~! related to V(C-N) are observed. The spectra of derivatives 1 and 3
show representative peaks corresponding to the para substituent at
1025 cm ™! (v(C-OCH3y)), and 2217 cm ! (v C=N), respectively.

The compounds show the typical pattern of diruthenium isotopic
distribution in ESI-MS. The maximum m/z peaks in all mass spectra are
ascribed to the [M—Cl]" and [M+CH3CO]" fragments that agree with
the simulated MS patterns (Fig. S2, ESI). When ionization is performed
by MALDI-MS, only the fragment [M—Cl]" appears in the spectrum,
suggesting the absence of by-products. These results corroborate the
integrity of paddlewheel structure maintaining three acetates and one
formamidine or amidate bridging ligand bonded to the diruthenium
core. This technique has also allowed us to monitor the substitution
reaction for compounds 1-7. It was recorded a spectrum of crude



A. Teran et al.

reaction at 1.5 h for all the complexes (Fig. S3, ESI). There are two peaks
for compounds 1-3, 5 and 6 that can be assigned to the corresponding
mono- and bis-substituted species losing the axial chloride ligand. The
main peak corresponds to the monosubstituted species, [M—Cl]*, being
the other one almost residual. After purification, this by-product is
eliminated. For compound 4, the bisubstituted species does not appear
probably because its formation is hindered by the steric effect of the
methyl group at ortho position of the aromatic ring in the formamidinate
ligand. For compound 7 there is also no species with a higher substitu-
tion degree, but this can be associated with the lower reactivity of the
amides with respect to the formamidines. This lower reactivity has
already been observed in the tetrasubstitution reactions carried out by
microwave-assisted solvothermal synthesis. The reactions with for-
mamidines require around 1-2 h [39], while 16 h are necessary when
amides are used instead [40,43,44].

Complexes 1-7 show intense colors both in the solid state and in
solution. The electronic absorption spectra in the vis-NIR region were
recorded in dichloromethane solution (Fig. S4, ESI). Compounds 1-6
display the typical profile of other high-spin (S = 3/2) partial substituted
diruthenium complexes reported in the literature [6]. In compound 7,
with an amidate ligand, the absorption spectrum is very similar to the
monosubstituted compounds with a formamidinate ligand. In general, it
can be observed a band around 370 nm that can be tentatively assigned
to a n(Cl) - wn*(Ruy) transition, a second band (which in some com-
pounds appears with a shoulder) in the 450-650 nm region that can be
attributed to n(RuO/N,Ruy) — n*(Ruy) transitions, and a less intense
band in the 900-1050 nm region that can be attributed to a 5(Rup) — &*
(Ruy) transition (Table S1, ESI).

Magnetization measurements at variable temperature were carried
out for compounds 1-7. The y)T values at room temperature of 1-7 are
in the 2.23-1.84 ¢cm®-K-mol ! range (Table 3). These values are close to
the expected spin-only value, 1.87 cm®-K-mol™! (g = 2), for a quartet
state arising from a 6262n4(6*1t"‘)3 electronic configuration [3,6,61]. On
cooling, yyT value decreases continuously (Figs. S5-S11, ESI), which is
typically observed in this type of complexes and ascribed to a strong
zero-field splitting (D) and a weak intermolecular antiferromagnetic
coupling [3,6]. For this reason, the y); and the yyT data were fitted using
the Cukiernik model [62-64] taking into account a weak intermolecular
antiferromagnetic coupling (zJ) and a temperature-independent para-
magnetism (TIP) term in addition to the D and g parameters (see equa-
tions S1-S5, ESI). The values obtained from the fits are shown in Table 3
and are similar to those previously reported for another mono-
formamidinatodiruthenium(ILIII) complex [8].

According to the Cambridge Structural Database [65] (CSD 2020),
no crystal structure of monosubstituted diruthenium compounds with
amidate ligands has been reported and there are only two crystal
structures with a formamidinate ligand (HDXylz’GF) [8]. In the present
work, the crystal structures of compounds 3 and 7 have been solved by
single crystal X-ray diffraction (see Tables S2 and S3, ESI). Both com-
pounds, 3-CHyCly and 7-2CH3Cly, crystallize with dichloromethane
molecules in the monoclinic system, space group P21/n for compound 3
and P2;/c for compound 7.

These compounds show the typical paddlewheel structure (Fig. 1).
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The coordination environment for both ruthenium atoms is octahedral.
Each diruthenium unit has retained three acetate ligands along with one
formamidinate (3) or amidate (7) bridging ligand at the equatorial po-
sitions, while the axial positions are occupied by bridging chloride li-
gands. The Ru-Ru bond distances of 2.306 A (3) and 2.280 A (7) are in
the range described for related Rug5+ derivatives [6]. The chloride is
aligned with the diruthenium core with a Ru2-Rul-Cl1 angle of 175.38°
(3) and 176.61° (7). The presence of a different ligand (amidate or
formamidinate) in the structure results in two types of acetates, being
the Ru-O bond distance of the acetate trans to the formamidinate (3) or
amidate (7) longer than the acetates trans to each other, as it has been
also observed for other mono-substituted compounds described in the
literature [8,46-48]. This fact can be attributed to the better donor
character of the N-donor ligand relative to the corresponding carbox-
ylate ligand.

In both compounds the chloride ligand bridges two diruthenium
units, giving rise to a polymeric structure. For complex 3, the Rul-Cl1-
Ru2 angle is 174.02° giving an almost linear polymeric chain whereas
for compound 7 this angle is 124.25°, giving rise to a clear zigzag chain
(Fig. 2). In both compounds, the Rul-Cl1 and Cl1-Ru2 distances are
similar (2.625 and 2.637 A for 3;2.534 and 2.548 A for 7), indicating the
formation of an almost symmetrical bridge between the diruthenium
units. These bond distances are longer for compound 3 than those usu-
ally observed for analogous compounds [8], suggesting weaker
interactions.

In compound 3 (Fig. 2a), the steric hindrance of the formamidinate
substituents imposes a rotation of 140° between the formamidinate li-
gands of consecutive dimeric units, resulting in a staggered conforma-
tion along the chains. The dichloromethane solvent molecule allows
weak interchain (H22A---N3) and intrachain (H22A.--02 and
H22B---03) interactions that keep the different chains in contact. For
compound 7 (Fig. 2b), the adjacent diruthenium units are rotated 180°
along the zig-zag chains. The only observed interchain interaction is a
weak n-n overlap between the aromatic rings of neighboring amidate
units with an average interplanar distance of 3.38 A. As in the previous
compound, the dichloromethane solvent molecules participate in weak
intrachain interactions (H15A---Cl1, H15B---03, H16B---Cl1 and
H16B---05).

The redox properties of compounds 1-7 were analyzed using cyclic
voltammetry (CV). The results are plotted in Fig. S12 and the electro-
chemical data are summarized in Table 4.

All the complexes show only one-electron redox couple within the
cathodic limit of water. This is assigned to the Ruz®*/Ruy*t redox
couple according to other diruthenium complexes with similar ligands in
aqueous and nonaqueous solvents [48,49,58,66-72]. The redox prop-
erties of these compounds vary depending on the nature of the ligand.
The substitution of one acetate bridging ligand (0,0-donor) for one
formamidinate (N,N—donor) or amidate (N,O-donor) bridging ligand
increases the electron density on the diruthenium core which results in
more negative redox potentials relative to the starting [RuaCl(02CMe)4]
(E1/2 = 0.04 V [48]). For complexes 1-6, the presence of electron
donating substituents in the aromatic ring (compounds 1, 4-6) gener-
ates more negative potentials, while the presence of an electron-

Table 3

Magnetic parameters obtained from the magnetic data of 1-7.
Compound mT at 300 K (cm®-K-mol 1) g D(ecm™ ) zJ (em™ 1) TIP (cm®-mol 1) i
1 2.19 2.00* 68 —0.28 1.14 x 1073 2.41 x 1074
2 2.10 2.00% 68 —0.32 8.75 x 107* 2.69 x 107*
3 2.23 2.19 67 —0.85 1.33 x 1074 3.58 x 107*
4 1.84 2.00* 75 -0.25 1.83 x 10712 3.62 x 1074
5 2.09 2.09 53 —0.41 7.45 x 10714 2.95 x 1074
6 2.00 2.00 63 —-0.58 6.43 x 107* 3.04 x 107*
7 2.18 2.11 76 ~1.28 6.28 x 10°* 4.37 x 107*

*A g value of 2 was fixed in these fittings. Otherwise, values of 1.97, 1.98 and 1.95 were obtained for 1, 2 and 4, respectively.

gl = > (ZM'Tcalcd *)(M'Texp)z/ > ()(M'Texp)z-
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Fig. 2. Crystal packing of compound 3-CH,Cl, (a) and compound 7-2CH.Cl; (d) with the representative interactions marked in blue. Some hydrogen atoms have

been omitted for clarity.

Table 4

Electrochemical data (V, vs. Ag/AgCl) from CV of complexes 1-7.
Compound Eyn AE
1 —0.35 0.15
2 -0.33 0.12
3 -0.18 0.15
4 -0.37 0.12
5 —0.32 0.19
6 —0.35 0.10
7 -0.16 0.16

withdrawing substituent (compound 3) causes a positive cathodic shift.
The substituent position on the aromatic ring (ortho, meta or para) seems
to be more relevant that the electron donating character of functional
group (i.e., E1/2 = -0.35 V for compound 1 (p-OMe) and 6 (p-Me)).
Moreover, it seems that the influence of substituent in ortho position is
greater than in para position (i.e., E1 /5 = -0.37 V for compound 4 (0-Me),
and being almost negligible when the electron donating substituent is
located in meta position (E;,2 = -0.32 V for compound 5) compared to
the unsubstituted formamidinate derivative (E; 2 = -0.33 for compound
2). The amidate ligand presents a lower donating character than the
formamidinate, a fact reflected in the low negative reduction potential
observed for the corresponding derivative, 7.

4. Conclusions

This work presents an alternative method for the synthesis of met-
al-metal bonded compounds based on the sonochemical activation
(compounds 1-7). This procedure permits an effective replacement of
only one acetate group. It works not only with different types of for-
mamidines but also with amides which suggests that this is a general
method of preparation for monosustituted complexes with N,N- or N,O-
donor ligands.

Additionally, this method of synthesis considerably reduces reaction
times, uses a greener solvent (ethanol) and saves energy with respect to
other methods described for dimetallic compounds. The aqueous media
solubility of these complexes may be very important for their potential
in fields such as biomedicine or biotechnology.
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