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Abstract: The synthesis of FcC(O)CH(R)C(O)Fc (Fc = Fe(η5-C5H4)(η5-C5H5); R = H, 5; nBu, 7;
CH2CH2(OCH2CH2)2OMe, 9), [M(κ2O,O′-FcC(O)CHC(O)Fc)n] (M = Ti, n = 3, 10; M = Fe, n = 3,
11; M = BF2, n = 1, 12), and 1-R′-3,5-Fc2-cC3HN2 (R′ = H, 13; Me, 14; Ph, 15) is discussed. The
solid-state structures of 5, 7, 9, 12, 13, 15, and 16 ([TiCl2(κ2O,O′-PhC(O)CHC(O)Ph)2]) show that 7
and 9 exist in their β-diketo form. Compound 13 crystallizes as a tetramer based on a hydrogen
bond pattern, including one central water molecule. The electrochemical behavior of 5–7 and 9–16
was studied by cyclic and square-wave voltammetry, showing that the ferrocenyls can separately be
oxidized reversibly between −50 and 750 mV (5–7, 9, 12–15: two Fc-related events; 10, 11: six events,
being partially superimposed). For complex 10, Ti-centered reversible redox processes appear at
−985 (TiII/TiIII) and −520 mV (TiIII/TiIV). Spectro-electrochemical UV-Vis/NIR measurements were
carried out on 5, 6, and 12, whereby only 12 showed an IVCT (intervalence charge-transfer) band of
considerable strength (νmax = 6250 cm−1, ∆ν 1

2
= 4725 cm−1, εmax = 240 L·mol−1

·cm−1), due to the rigid
C3O2B cycle, enlarging the coupling strength between the Fc groups.

Keywords: ferrocenyl; pyrazole; β-diketonate; solid-state structure; spectro(electrochemistry);
electron transfer

1. Introduction

Main-group element and transition metal β-diketonates, including Lewis-base adducts thereof,
belong to one of the most investigated metal-organic complexes [1–7]. One reason is that they
can be prepared by straightforward synthetic methodologies [8–10], and that many of them are
commercially available. Hence, they attained great interest in, for example, the deposition of metal
or metal oxide thin layers by applying diverse deposition techniques, including CVD (=chemical
vapor deposition) [1,11–14], ALD (=atomic layer deposition) [15–19], and spin-coating [20–22]. In
addition, they received great interest in the synthesis of (hetero)multimetallic complexes [23–29]
as catalysts in organic synthesis [30–32] and as anticancer drugs (especially copper and rhodium
β-diketonates) [33–35]. Recently, they gained topical attention in the study of electron transfer
processes, when, for example, redox-active groups such as ferrocenyls are present, i.e., in zirconium,

Molecules 2020, 25, 4476; doi:10.3390/molecules25194476 www.mdpi.com/journal/molecules

http://www.mdpi.com/journal/molecules
http://www.mdpi.com
https://orcid.org/0000-0001-5453-4137
http://dx.doi.org/10.3390/molecules25194476
http://www.mdpi.com/journal/molecules
https://www.mdpi.com/1420-3049/25/19/4476?type=check_update&version=2


Molecules 2020, 25, 4476 2 of 27

hafnium, copper(I), copper(II), manganese, ruthenium, rhodium(I), and aluminum β-diketonate
complexes [36–41].

Pyrazoles are a major class of heterocyclic compounds and have been thoroughly studied [42–47].
They show, for example, biological activities possessing antimicrobial, anti-inflammatory, or antitumor
properties [48–54]. In this respect, it was found that ferrocenyl-functionalization of pyrazoles enhances
their biological activities [55–59]. Facile synthesis methods of ferrocenyl-substituted pyrazoles were
reported [60–66], with only a brief comment about the parent diferrocenyl NH-pyrazole in 1963 [66].

Against these backgrounds, we recently became interested in the synthesis of ferrocenyl
β-diketones and on their complexation behavior towards transition metal and main-group element
building blocks as well as in the preparation of diferrocenyl pyrazoles to study their electrochemical
and spectro-electrochemical properties. It is a continuation of recently published work from our group
in the field of ferrocenyl-substituted carbon-rich π-conjugated systems [67–78].

We herein enrich the families of diferrocenyl β-diketones, β-diketonates, and pyrazoles by
the synthesis of FcC(O)CH(R)C(O)Fc, [M(κ2O,O′-FcC(O)CHC(O)Fc)n], and 1-R′-3,5-Fc2-cC3HN2,
respectively, (Fc = Fe(η5-C5H4)(η 5-C5H5); R = H, CH2CH2(OCH2CH2)2OMe; R′ = H, Me, Ph; M = Ti,
n = 3; M = Fe, n = 3; M = BF2, n = 1). Their molecular solid-state structures and (spectro)electrochemical
behavior are reported as well.

2. Results and Discussion

2.1. Synthesis and Characterization

The synthetic methodologies to prepare the ferrocenyl-functionalized β-diketones 5–8 is shown
in Scheme 1. The therefore necessary starting compounds 1–3 were synthesized accordingly
to references [79–81]. Ketone 4 was prepared by a Friedel-Crafts acylation of ferrocene with
2-[2-(2-methyoxyethoxy)ethoxy]acetyl chloride, which is accessible by refluxing the appropriate
carboxylic acid with thionyl chloride in analogy to references [82,83], with ferrocene in presence of the
Lewis acid catalyst AlCl3 (Section 4.6).

Claisen condensation of 1 with 2 resulted in the formation of diferrocenyl β-diketone 5. Side
product 6 could be isolated (Scheme 1) [84], which was produced by self-aldol condensation of
acetylferrocene (2). Using KOtBu (DMF, 50 ◦C) as the base instead of LDA (=lithium diisopropylamide)
minimized the yield of side product 6 to 7%, while slightly increasing the amount of 5 (58%).

To improve the solubility of the respective diferrocenyl β-diketones and the appropriate metal
complexes (Schemes 1 and 2), a butyl and ethylene glycol chain, respectively, was introduced in
β-position of the β-diketone. Thus, Claisen condensation of 1 with 3 yielded 7, whereas treatment of 1
with 4 to give 8 was not successful.
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Thus, a different approach was applied to synthesize an ethylene glycol functionalized diferrocenyl
β-diketone. Hence, compound 5 was treated with 1-iodo-2-[2-(2-methoxyethoxy)ethoxy]ethane and
KOtBu at 50 ◦C (pathway i), Scheme 2 whereby ICH2CH2(OCH2CH2)2OMe was prepared by applying
the Finkelstein reaction (treatment of BrCH2CH2(OCH2CH2)2OMe with NaI in acetone [85,86]. The
respective BrCH2CH2(OCH2CH2)2OMe educt was obtained from an Appel reaction starting from
2-[2-(2-methoxyethoxy)ethoxy]ethanol with CBr4 and PPh3, respectively [87,88].) It should be noted
that alkyl-substituted 7 and 9 were obtained in their β-diketo form, whereas 5 contained ~66% of the
enol isomer. The value is similar to those reported in literature [84] and was evidenced by the presence
of the CH resonance at ~5.9 ppm and a broad signal at ~16.5 ppm of the de-shielded OH functionality.

In addition, diferrocenyl diketone 5 was applied as a starting material for the synthesis of the
titanium, iron, and boronβ-diketonato coordination complexes 10–12 (pathway ii), Scheme 2. Therefore,
following two synthetic methodologies were used: either ligand exchange [41] or lithium-halide
metathesis. In this respect, coordination complex 10 was accessible by the addition of TiCl4 to a
tetrahydrofuran solution containing [Li(κ2O,O′-FcC(O)CHC(O)Fc)] [41] at −80 ◦C, and 11 by refluxing
[Fe(acac)3] (acac = acetylacetonate) with a 3-fold excess of 5 in acetonitrile (Scheme 2). For the
preparation of the purple dioxaborine complex 12, diisopropylamine and [BF3·Et2O] were subsequently
reacted with 5 at ambient temperature. The low yields of 10–12 are similar to the recently synthesized
Al complex and can be explained with the steric hindrance of the ferrocenyl-functionalized ligands [41].

Nonetheless, metalation of 7 and 9 by using different reagents such as KOtBu, LDA, or nBuLi
between −80 ◦C to 40 ◦C in different solvents (THF, hexane) was not successful, which most probably
is attributed to the low acidity of the α-hydrogen atom of the β-diketone caused by the electron-rich
Fc and alkyl groups. In all of these studies, solely the starting materials were recovered in virtually
quantitative yield. This was proven for compound 8 by addition of electrophiles (MeI and Me2SO4) to
the reaction mixture containing a potentially lithiated species of 8, whereby a methylated compound
was not detected. It should be noted that deprotonation of the herein less-acidic α-hydrogen could
compete with a metalation of the C5H4 group, due to the ortho-directing properties of the adjacent
carbonyl X=O (X = C, P, S) functionalities [89–95]. However, such species were also not observed
upon treatment with the mentioned electrophiles at −80, −40, 0, and 40 ◦C, which might have two
reasons. First, the lithiation rate is insufficient at low temperatures (−80 to −40 ◦C) and non-polar
solvents (hexane) [91,93–95]. Second, it is known that lithiated ferrocenes can be re-protonated via
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ether cleavage of THF or Et2O. The rate constant for this reaction accordingly increases at higher
temperatures (40 ◦C), giving the starting material back [96–98].

A straightforward synthesis procedure for diferrocenyl-functionalized pyrazoles 13–15 is given
by the reaction of 5 with an excess of hydrazines NH2-NHR (R = H, Ph), as outlined in Scheme 2
(pathway iii)) (Section 4).

In case of 15, however, the higher electron density of the N-phenyl group reduced the ability of
the intermediate hydrazone to undergo a successful ring-closure. Methyl hydrazine failed to react to
give 14 and most of 5 was recovered. Thus, formation of methyl derivative 14, possessing an even
higher electron density, had to be achieved via methylation of the H-analogue 13.

For comparable purposes, regarding the discussion of the electrochemical behavior of 10, we
attempted to prepare the isostructural complex [Ti(κ2O,O′-PhC(O)CHC(O)Ph)3] [99]. However, it
appeared that within the reaction of 1,3-diphenyl-1,3-propanedione with TiCl4 solely the corresponding
Ti(IV) coordination complex 16 was produced (Scheme 3) [100,101].
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Scheme 3. Synthesis of 16 (i) THF, −80 ◦C to 25 ◦C, 2 h.

After appropriate work-up, coordination compounds 7 and 9–15 could be isolated as red (7, 9),
green (10), purple (12), or orange (11, 13–15) solids, which dissolve, for example, in dichloromethane
and tetrahydrofuran, while in non-polar solvents, they are insoluble. Ti(III) and Fe(III) complexes
10 and 11 were obtained as poorly soluble, paramagnetic compounds. Attempts to enhance their
solubility by introducing alkyl or alkyloxy chains failed, due to the described difficulties by attaching
such groups to the β-diketonato backbone.

The newly prepared complexes are stable towards air, light, and moisture both in the solid state
and in solution. They were characterized by elemental analysis, IR and NMR (1H, 13C{1H}, if possible)
spectroscopy, and high resolution ESI-TOF mass spectrometry. The spectroscopic and spectrometric
data are consistent with their formulation as diferrocenyl β-diketones, β-ketonates, or pyrazoles. In
addition, the molecular structures of 5, 7, 12, 13, 15, and 16 in the solid state were determined by single
crystal X-ray structure analysis. Electrochemical studies (cyclic and square-wave voltammetry) were
carried out on 5–7 and 9–16.

The IR spectra are characterized by the appearance of CO vibrations typical for β-diketones (5–7,
9) or metal β-diketonates (10–12) in the range of 1500–1680 cm−1 [39,40,102,103]. For the respective
diferrocenyl pyrazoles 13–15, representative vibrations could be observed for the N-H (3392 cm−1),
N-C (ca. 1105 cm−1) and N=C units (ca. 1600 cm−1) [60].

A distinctive signature of the 1H NMR spectra is the appearance of the cyclopentadienyl proton
signals between 4.5–5.0 ppm with multiplets or pseudo-triplets for the C5H4 units with JHH = 1.9 Hz
and a singlet at ca. 4.1 ppm for the C5H5 protons. The α-hydrogen in β-diketonato complex 12 and
pyrazoles 13–15 resonates at 6.1–6.6 ppm, while in 7, it is observed at 4.26 ppm (Experimental). The
OH functionality in 5 was observed at 16.4 ppm as a broad signal, due to rapid 1,5-tautomerism, in
addition to the CH resonance at 5.9 ppm. The enol form equilibrates with its β-diketo form in a 2:1
ratio. The kinetics of this equilibrium have been studied recently [84].

In the 13C{1H} NMR spectra, the β-diketonate CO groups give rise to a distinctive resonance
signal at ca. 200 ppm. For the ferrocenyl groups, in total, four signals are observed between 65–80 ppm,
which is typical for the C5H4 and C5H5 perimeters (Section 4) [36–41].

In the ESI-TOF, mass spectrometric studies the protonated molecular ion peak [M + H]+ is found
(Section 4.9). This confirms the formation of 10 as a neutral Ti(III) compound, which requires an



Molecules 2020, 25, 4476 5 of 27

additional charge to be detected, instead of an already positively charged Ti(IV) species. As shown
within the formation of 16, containing the respective diphenyl backbone, oxidation towards the Ti(IV)
state is common.

2.2. Molecular Solid-State Structure

The molecular structures of 5, 7, 9, 12, 13, 15, and 16 in the solid state have been determined
by single-crystal X-ray diffraction analysis (Figures 1–7). Crystal and structure refinement data, and
crystallization conditions are displayed in Section 4. Selected bond lengths (Å), angles (◦), and torsion
angles (◦), as well as plane intersections are listed in Tables S1 and S2 (see the ESI).

The metal-organic complexes crystallize in triclinic (P−1, 13), monoclinic (P21/c, 9, 12; P21/n,
7, 15, 16), and non-centrosymmetric orthorhombic (P212121, 5; abs. struct. param.: 0.000(16) [104])
space groups, with one molecule in the asymmetric unit, except for 9 containing two. Compound 16
was obtained as a methanol solvate, whereby disorder required removal of the packing solvent with
the SQUEEZE procedure implemented in the PLATON program package (see Section 4) [105]. The
asymmetric unit of 13 is described by a (13)4·H2O arrangement (see below).
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Figure 1. ORTEP (30% probability level) of the molecular structure of 5 with the atom numbering
scheme. C-bonded hydrogen atoms have been omitted for clarity. Selected bond distances (Å), angles,
and torsion angles (◦): C1−O1 1.452(3), C3=O2 1.235(10), C1=C2 1.369(12), C2−C3 1.477(12), C1−C2−C3
124.4(7), O1−C1−C3−O2 10.6(10), O1−C1−C2−C3 2.4(13), C1−C2−C3−O2 31.8(12). Hydrogen bridge
bond properties: O1···O2 2.975(12) Å, O1−H1···O2 119◦.
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Figure 2. ORTEP (50% probability level) of the molecular structure of 7 with the atom numbering
scheme and an intramolecular T-shaped CH π-interaction (green) between two centroids (Ct). All
hydrogen atoms have been omitted for clarity. Selected bond distances (Å), angles, and torsion angles (◦):
C1=O1 1.222(6), C3=O2 1.224(5), C1−C2 1.480(7), C2−C3 1.457(7), C1−C2−C3 111.6(4), O1−C1−C2−C3
121.1(5), O2−C3−C2−C24 16.1(7); intramolecular T-shaped π-interaction: Ct···Ct 4.520(3) Å; α 75.1(3)◦

(Ct = centroid of the cyclopentadienyl groups).
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Figure 3. ORTEP (30% probability level) of the molecular structure of 9 with its atom numbering
scheme. Hydrogen atoms and a second crystallographically independent molecule of the asymmetric
unit have been omitted for clarity. Selected bond distances (Å), angles, and torsion angles (◦):
C=O 1.197(7)−1.213(8), C1−C2/C2−C3 1.469(9)−1.478(9), C1−C2−C3 108.2(4)/108.4(6), O1−C1−C2−C3
38.9(6)/34.9(7), C1−C2−C3−O2 104.9(6)/103.1(8).
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Figure 4. ORTEP (50% probability level) of the molecular structure of 12 with the atom numbering
scheme. Hydrogen atoms have been omitted for clarity. Selected bond distances (Å), angles, and torsion
angles (◦): C1−O1 1.314(3), C3−O2 1.307(3), C1−C2 1.386(3), C2−C3 1.384(3), O−B1 1.488(3)/1.480(3),
C1−C2−C3 119.6(2), O1−C1−C3−O2 2.40(18), O1−C1−C2−C3 3.7(4), C1−C2−C3−O2 6.5(4).
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scheme. Hydrogen atoms have been omitted for clarity. Selected bond distances (Å): N1−C1 1.373(4),
C1=C2 1.373(4), C2−C3 1.404(4), C3=N2 1.332(4), N1−N2 1.375(3).
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Figure 7. ORTEP (30% probability level) of the molecular structure of 16 with the atom numbering
scheme. Hydrogen atoms have been omitted for clarity. Selected bond distances (Å), angles, and
torsion angles (◦): C−O 1.277(5)−1.291(5), C1−C2/C2−C3 1.379(5)−1.393(6), Ti−O1/O3 1.973(3)/1.970(3),
Ti−O2/O4 1.928(3)/1.924(3), Ti−Cl1 2.2867(13), Ti−Cl2 (2.3033(12), C1−C2−C3 123.0(4)/123.6(6),
O1−C1−C2−C3 6.6(6)/1.3(6), C1−C2−C3−O2 3.1(7)/0.9(6).

In 7, 9, 10, and 12, identical C−O distances for both CO groups are found, whereby their lengths
increase from non-complexed alkyl- (7) and alkoxy-substituted (9) derivatives (1.197(7)–1.224(5) Å)
to BF2 (12) and Ti (16) (1.277(5)–1.314(3) Å). Consequently, the negative charge in the latter two
species is delocalized through the β-diketonato system, which also results in equivalent C−C bond
lengths (1.379(6)–1.393(6) Å). In contrast, enol 5 shows an alternating sequence of single and double
bonds, which also leads to the assignment of O1 as the hydroxy (C1−O1 1.452(3) Å) and O2 as the
keto-functionality (C3=O2 1.235(10) Å). A crystal structure of the enol form of 5 has previously been
reported [106], showing that both ferrocenyls are in an anti-orientation towards each other. Herein,
crystallization from a chloroform solution resulted in a syn-arrangement. The crystallization of the
β-diketo form for α-substituted species 7 and 9 is in accordance to literature, where this behavior is
exclusively discussed [107,108]. The keto functionalities can either direct in the same (9) or opposite
directions (7), due to the rotational freedom around the an sp3-hybridized carbon. For the latter species,
this is accompanied with an intramolecular T-shaped π-interaction between a C5H4 and a C5H5 ring
(Figure 2). [93–95] For the theoretical calculations regarding the properties of parallel-displaced and
various types of T-shaped π-interactions, see references [109,110]; for examples involving ferrocenes,
see [111–114].

In contrast to 7 and 9, compounds 5, 12, and 16 adopted a co-planar alignment of the central
C3O2 entity. In case of 5, a rather weak hydrogen bond restricted the O1−C1· · ·C3−O2 torsion angle
to 28.6(7)◦, which is further reduced to 1.9(3)–4.5(3)◦ for 12 and 16, containing stronger O−M bonds
(M = Ti, B). The distribution of the negative charge in tetrahedral BF2-containing 12 is accompanied by
equal B−O (1.488(3) and 1.480(3) Å) and B−F bond lengths (1.488(3) and 1.480(3) Å). In contrast, the
cis-dichloro substituents in the octahedral coordinated titanium complex 16 caused an elongation of the
Ti−O bonds from O−Ti−O (Ti−O: 1.928(3) and 1.924(3) Å) to O−Ti−Cl bonds (Ti−O: 1.973(3) and 1.970(3)
Å), due to the stronger trans-influence of the chloride substituent. In contrast, a recently published
solid-state structure of 16, which crystallized in the space group Pbca (measured at 193 K) [115],
did not show this trans-influence of the chloro substituents, due to a lower C−C bond precision.
Nevertheless, a similar trans-influence can be observed for literature-known bis- or tris(β-diketonato)
complexes [116–119]. It should be noted that all bis(β-diketonato)TiX2 complexes (X = Cl, O, alkoxy,
aryloxy) exclusively crystallize as their cis-derivatives [115].
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The β-diketonato motif in bora- and titana-cyclic structures 12 and 16, formed upon coordination
towards BF2 and TiCl2, underwent distortions in order to comply with the requirements for tetrahedral
(12) and octahedral (16) coordination environments, which requires a smaller cavity between both
oxygen donors. The comparably long Ti−O bond distances in 16 compensate the unfavorable small
O−Ti−O angles of 83.38(12) and 83.96(12)◦ and keep the Ti atom in the almost planar β-diketonato
motif (out-of-plane shift of only 0.216(5) and 0.065(5) Å). A distortion of the C3O2-planes results in
high rms deviations of 0.0244 and 0.107, resulting in apparently higher out-of-plane shifts of the Ti
atom. Instead, the by ~0.5 Å shorter B−O bond lengths in 12 squeeze the backbone to achieve the
required shortening of the O···O distances by ~0.15 Å from 2.595(4)/2.605(4) (16) to 2.450(2) Å in 12.
Although the tetrahedral coordination sphere allows for a larger O−B−O angle of 111.2(2)◦, the BF2

fragment is shifted out of the planar β-diketonato entity by 0.368(4) Å (vide supra). If expressed by
the C2−C−O−B1 torsion angels, a bend of up to 15.7(3)◦ is observed, which is comparable to other
heterocyclic structures where similar out-of-plane shifts prevent involvement of the heteroatom into
the π-conjugation [120–122].

The ferrocenyl C5H4- and the adjacent carbonyl functionalities intersect rather co-planar in 5, 7,
9, and 12 with a maximum of 10.6(10)◦, whereas the phenyls in 16 and one ferrocenyl group in 5 are
slightly rotated out of planarity by up to 23.1(8)◦.

The pyrazolyl entity in 15 intersects with the adjacent ferrocenyls by 45.65(13) and 36.22(11)◦,
which is slightly larger than for the recently published N-benzyl derivative (26.5 and 29.4◦) [60]. For the
N-phenyl (15) and N-benzyl [60] pyrazoles, single and double bonds within the aromatic heterocycle
could be distinguished (Figure 6), contrary to the 1H-derivative 13. Therein, tautomerism causes
a similar occupations for hydrogens to be placed at either of the pyrazole′s nitrogen atoms. This
affects the whole hydrogen bond network within the (13)4·H2O arrangement, which is established
between four molecules of 13 surrounding one central molecule of water in a tetrahedral geometry
(Table 1). This cluster is further stabilized by T-shaped π-interactions between the Fc groups, which are
overlapping each other in the upper graphic in Figure 5 (Figure S1). In order to avoid refinement of the
hydrogen bond network over all possible sets of sites, the positioning of the hydrogen atoms followed
the highest residual electron density signal (Q-peak) and was extended over the rest of the fragment
accordingly. However, the small differences between both possible isomers explains the absence of
clear C−C and N−C single and double bonds within the pyrazolyl cores of (13)4·H2O.

Table 1. Hydrogen bond and T-shaped π-interaction properties (Å/◦) of 13.

Hydrogen Bridge-Bonds

D–H· · ·A D–A/Å D–H· · ·A/◦

O1–H1O· · ·N3 2.714(3) 173(4)
O1–H2O· · ·N7 2.723(4) 169(4)
N2–H2A· · ·O1 2.801(4) 165
N5–H5A· · ·O1 2.732(3) 167
N4–H4· · ·N6 3.088(4) 150

N8–H8A· · ·N1 3.084(4) 164

T-shaped π-interactions

Ct(C5H4)· · ·Ct(C5H5) D/Å α/◦

C27–31· · ·C14–18 4.741(3) 87.7(2)
C50–54· · ·C73–77 4.651(3) 85.7(2)

The angle α is described by the intersection of the involved C5H4/C5H5 planes.

In a simplified representation of the hydrogen bridge-bond pattern in Figure 5 and the
corresponding geometric properties (Table 1), it can also be seen that two rather co-planar (15.24(5)
and 14.89(15)◦) and two quite perpendicular plane intersections (68.01(12) and 69.17(13)◦) of central
heterocyclic cores towards each other are present. The ferrocenyl units between two coplanar moieties
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are always directed away from the adjacent fragment, whereas a syn-fashion for N1- and N7-based
building blocks and an anti-rotation for N3 and N5 pyrazoles is perceived.

2.3. Electrochemistry

The redox behavior of 5-7 and 9-16 has been determined by cyclic voltammetry (=CV) and
square-wave voltammetry (=SWV) (Figures 8 and 9). The electrochemical measurements were carried
out in anhydrous dichloromethane solutions containing [NBu4][B(C6F5)4] (0.1 mol·L−1) as a supporting
electrolyte under inert conditions at 25 ◦C (Section 4.4) [123,124]. In contrast to smaller counter
ions including [PF6]− or [Cl]−, the [B(C6F5)4]− anion stabilizes highly charged species in solution,
minimizing ion pairing effects. The shielding of the electrostatic interactions between the redox-active
groups is realized by ion pairing with the electrolyte’s counter-ion. Hence, minimization of this effect
leads to an increase of the observed redox potentially splitting [68,125,126].
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Figure 8. Cyclic voltammograms (solid lines: scan rate 100 mV s−1) and square-wave voltammograms
(dotted lines: step-height 25 mV, pulse-width 5 s, amplitude 5 mV) of 5-7, 9, and 13-15 in dichloromethane
solutions (1.0 mmol·L−1) at 25 ◦C measured with a glassy carbon working electrode. Supporting
electrolyte 0.1 mol·L−1 of [NBu4][B(C6F5)4]).
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Figure 9. Cyclic voltammograms (solid lines: scan rate 100 mV s−1) and square-wave voltammograms
(dotted lines: step-height 25 mV, pulse-width 5 s, amplitude 5 mV) of 10 (left, top), 11 (right), and 12
(left, bottom) in dichloromethane solutions (1.0 mmol·L−1) at 25 ◦C measured with a glassy carbon
working electrode. Supporting electrolyte 0.1 mol·L−1 of [NBu4][B(C6F5)4]).

All potentials are referenced to the FcH/FcH+ (FcH = Fe(η5-C5H5)2) redox couple [127]. The CV
data at a scan rate of 100 mV s−1 are summarized in Table 2.

Table 2. Cyclic voltammetry data of 5-7 and 9-15. All Fc potentials are given in mV. a.

Compd. E1
◦′ c

(∆Ep) d
E2
◦′ c

(∆Ep) d
E3
◦′ c

(∆Ep) d
E4
◦′ c

(∆Ep) d
E5
◦′ c

(∆Ep) d
E6
◦′ c

(∆Ep) d ∆E◦′ e

5 110 (60) 310 (88) 200
6 110 (60) 330 (60) 220
7 240 (60) 460 (74) 220
9 235 (60) 430 (70) 195

10b 140 f 260 f,g 385 f 485 f 670 f 120/125/100/185
11 100 f 230 f 305 f 430 f 560 f 730 f 130/75/125/130/170

Alh 33 (62) 123 (62) 304 (72) 432 (56) 583 (62) 741 (58) 90/181/128/151/158
12 300 (62) 600 (64) 2145/300
13 −30 (60) 210 (64) 240
14 −30 (62) 210 (64) 240
15 −30 (65) 205 (66) 235

Potentials vs. FcH/FcH+ (FcH = Fe(η5-C5H5)2), scan rate 100 mV s−1 at a glassy-carbon electrode of 1.0 mmol·L−1

solutions in anhydrous dichloromethane containing 0.1 mol·L−1 of [NBu4][B(C6F5)4] as supporting electrolyte at
25 ◦C. (a) Reduction processes for 10 and 12 are: −985 mV (∆Ep = 60 mV, 10) and –1845 mV (∆Ep = 64 mV, 12);
complex 11 did not show any reduction until −2200 mV. (b) An additional reversible redox process for TiIV/TiIII is
found at −520 mV (∆Ep = 64 mV) (Figure 9). (c) En

◦′ = Formal potential of n Fc redox process. (d) ∆Ep = Difference
between oxidation and reduction potentials. (e) ∆E◦′ = Potential difference between the ferrocenyl-related redox
processes. (f) Potentials from square-wave voltammogram (dotted line: step-height 25 mV, pulse-width 5 s, amplitude
5 mV) (Figure 9). (g) Two electron process. (h) Al = [Al(κ2O,O′-FcC(O)CHC(O)Fc)3], data taken from Ref. [41].

Compounds 5–7, 9, and 13-15 show two reversible one-electron redox processes, confirming
separate oxidation of the Fc groups. The diferrocenyl β-diketone 5 was first electrochemically studied
in 1999 using [NBu4][PF6] as an electrolyte (E1

◦′ = 188 mV and E2
◦′ = 297 mV) in order to obtain

group electro-negativities by means of cyclic voltammetry [126,128–130]. For better comparison with
our data, we repeated the CV measurements in the presence of the weak coordinating electrolyte
[NBu4][B(C6F5)4] [68,125,126]. As it can be seen from Figure 8, compound 5 shows its second redox
event to be broadened, most likely due to keto-enol tautomerism in the mixed-valent state [37,38,41].
This differs from 6, since this compound only features one β keto-group. The butyl or glycol groups in
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α-position of the β-diketones 7 and 9 result in a shift of the first redox potential to more positive values
(7, E1

◦′ = 240 mV; 9, E1
◦′ = 235 mV) in comparison to 5 (E1

◦′ = 110 mV). This leads to the assumption
that the Fc nearby the enol group possesses a higher electron density, and thus, most likely it will be
oxidized first. As it can be seen from Table 2, the redox separations of all analyzed β-diketones are with
∆E◦′ ca. 200 mV similar (Table 2). Most of these redox-separations, however, are likely to be caused
by electrostatic repulsion of the ferrocenium entities in close spatial proximity. In addition, the redox
separation for 6 and 13–15 is slightly higher, since the two Fc units are not in chemically equivalent
positions. The redox behavior of the 3,5-diferrocenyl-functionalized pyrazoles 13-15 is very similar to
each other (E1

◦′ = 30 mV, ∆E◦′ = ca. 210 mV; Table 2), proving negligible influence of the N-bonded
hydrogen (13) methyl (14) or phenyl (15) group on the charge transfer process or the electrostatics in
the mono-oxidized mixed-valent compounds [13-15]+.

β-Diketone 5 was used as ligand in the synthesis of titanium, iron, and boron β-diketonates 10–12
(Scheme 2) in order to study their electrochemical behavior and, hence, the influence of the metal ion
on the charge transfer between the ferrocene/ferrocenium groups in the mixed-valent species.

Complex 12 exhibits three reversible one-electron processes. While at a potential of 300 and
600 mV the two Fc/Fc+ processes are observed, the reversible redox process at −1845 mV (∆Ep = 64 mV)
represents a one-electron reduction of the π-system of the six membered C3O2B cycle. The delocalized
character of these π electrons in addition lead to a much better electronic coupling of the ferrocenyl
units, and hence, the redox separation is increased to 300 mV, when compared to the parent diketonate
5 (∆E◦′ = 200 mV).

As a result of the poor solubility of ferrocenyl-functionalized metal β-diketonates in, for example,
dichloromethane or acetonitrile, only a few examples of this family of compounds have been
characterized electrochemically in the literature, including [Cu(κ2O,O′-FcC(O)CHC(O)Fc)2] [40]
and [Al(κ2O,O′-FcC(O)CHC(O)Fc)3] [41], respectively.

Complex 10 exhibits two titanium-related reversible redox processes at E1
◦′ = −985 mV and

E2
◦′ = −520 mV, respectively. Comparison with 16 (Figure S2, see the Supporting Information) confirms

that the wave at−520 mV can be assigned to the reversible oxidation of TiIII to TiIV (∆Ep = 64 mV), while
the redox event at −985 mV (∆Ep = 60 mV) corresponds to the reduction of TiIII to TiII (Figure 9), which
is in agreement with the one found for [Ti2L3] (L = 1,3-bis(3-phenyl-3-oxopropanoyl)benzene) at ca.
−1100 mV [131]. However, for 16 no reduction process could be observed in the appropriate measured
frame (1000 to -1500 mV). In addition to the Ti-related processes in 10, the six ferrocenyl-related redox
events are poorly resolved occurring in the potential range between 125 and 670 mV, due to the low
solubility of the complex. Square-wave voltammetry allows us to assign five individual processes at
140 mV, 260 mV (2 e−), 385 mV, 485 mV, and 670 mV (Figure 9).

In contrast, the ferrocenyl-related oxidation processes for iron(III) complex 11 are much better
resolved, and hence, the SWV of 11 allows us to identify the respective formal potentials at 100, 230,
305, 430, 560, and 730 mV (Figure 9). For the analog [Al(κ2O,O′-FcC(O)CHC(O)Fc)3] complex, a
comparable redox behavior was observed under similar measurement conditions (E1

◦′ = 33, E2
◦′ = 123,

E3
◦′ = 304, E4

◦′ = 432, E5
◦′ = 583, E6

◦′ = 741 mV) [41]. In comparison to [Al(FcC(O)CHC(O)Fc)3], the
first oxidation in 11 takes place at a higher potential (E1

◦′ = 100), due to lower electron density at the
Fc′s. Reduction processes for FeIII in 11 could, however, not be found up to −2200 mV (Figure S3,
see the ESI).

In order to get a deeper insight into the spectroscopic details of the mixed-valent species [5]+,
[6]+ and [12–15]+ in situ UV-Vis/NIR, spectro-electrochemical measurements have been carried
out. However, the low solubility of complexes 10 and 11 did not allow for spectro-electrochemical
measurements to be carried out. The spectro-electrochemical studies were performed by stepwise
increase of the potential from−400 to 1200 mV (step heights: 25, 50 or 100 mV) vs. Ag/AgCl in an optically
transparent thin layer electrochemistry cell (=OTTLE) [132]. Dichloromethane solutions of 5, 6, and
12–15 (0.02 M) containing [NBu4][B(C6F5)4] (0.1 M) as the supporting electrolyte were used [123,124].
Thereby, the stepwise generation of mixed-valent [5]+, [6]+, and [12–15]+ and homo-valent [5]2+,
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[6]2+, and [12-15]2+ occurred. The spectra of [5]+ and [6]+ are shown in the Supporting Information
(Figures S4 and S5, see the ESI).

During the oxidation of 5 and 6 an IVCT absorption of negligible strength can be seen. The
extinction coefficient of this band, however, is lower than 50 L·mol−1

·cm−1, therefore the electronic
coupling between the Fc/Fc+ is very weak (Figures S4 and S5). The introduction of the BF2 unit
in 12 led to an increase in the extinction of the IVCT band (νmax = 6250 cm−1, ∆ν 1

2
= 4725 cm−1,

εmax = 240 L·mol−1
·cm−1) (Figure 10, Figure S6), corresponding to a weakly coupled class II system

according to the classification of Robin and Day [133]. The formation of the six-membered C3O2B ring
introduced some rigidity in the π-bridge, and hence, the electronic coupling of the ferrocenyl termini
became stronger.
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Figure 10. UV-Vis/NIR spectra of 12 in a dichloromethane solution (2.0 mmol·L−1) at rising potentials
(−200 mV to 1200 mV vs. Ag/AgCl) at 25 ◦C; supporting electrolyte 0.1 mol·L−1 of [NBu4][B(C6F5)4]
black −200 mV (12); blue 750 mV ([12]+); red 1200 mV ([12]2+).

For pyrazoles 13–15 no IVCT band of considerable strength could be found in any oxidation state,
demonstrating that the 240 mV redox separation is mainly caused by electrostatic interactions.

3. Conclusions

The synthesis and characterization of diferrocenyl-substituted β-diketones, 1R-pyrazoles, and
β-diketonato metal complexes of general type FcC(O)C(R)C(OH)Fc (Fc = Fe(η5-C5H4)(η5-C5H5);
R = H, 5; nBu, 7; CH2CH2(OCH2CH2)2OMe, 9), 1-R-3,5-Fc2-cC3HN2 (R = H, 13; Me, 14; Ph, 15),
[M(κ2O,O′-FcC(O)CHC(O)Fc)n] (M = Ti, n = 3, 10; M = Fe, n = 3, 11; M = BF2, n = 1, 12), and
[TiCl2(κ2O,O′-PhC(O)CHC(O)P)2] (16) is discussed. The molecular solid-state structures of 5, 7, 9,
12, 13, 15, and 16 were determined by single-crystal X-ray diffraction studies, verifying the predicted
structures. Alkyl substitution of the β-diketone led to an increased electron density at Cα and, hence,
resulted in the formation of the diketo form in solution and solid state, in contrast to the H-substituted
derivative 5, where the enol form was moreover present, resulting in an intramolecular hydrogen bond
in the solid state. In diferrocenyl 1Ph-pyrazole 15, a differentiation between single and double bonds in
the heterocyclic core could be observed. In contrast, the NH-derivative 13 crystallized as a tetrameric
structure surrounding one central molecule of water, where all five molecules were connected via
hydrogen bonds.

Electrochemical measurements confirmed that the ferrocenyls in 5–7, 9, and 12–15 could be oxidized
separately; however, the redox separation of 200–250 mV is mainly caused by electrostatic interactions.
In addition, for complexes 6 and 13–15, the ferrocenyl units are in chemically non-equivalent positions,
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and hence, the observed redox separation is increased. The Ti and Fe complexes 10 and 11 showed
a convoluted redox behavior, since the six ferrocenyl units are oxidized in a close potential range;
however, square-wave voltammetry allowed us to estimate the formal potential of each ferrocenyl
oxidation process. In addition, complex 10 showed two titanium-centered redox processes at −985 and
−520 mV, corresponding to TiII/TiIII and TiIII/TiIV redox couples, respectively.

Compound 12 showed an increased redox separation between the Fc units upon introduction
of BF2, due to a more rigid backbone, which allows for a better conjugation through the C3-π-bridge.
Spectro-electrochemical UV/Vis-NIR measurements confirmed a stronger electronic coupling in
mixed-valent [12]+ between Fc/Fc+ than for non-coordinated diketone [5]+.

4. Materials and Methods

4.1. General Procedures

All reactions were carried out under an atmosphere of argon using standard Schlenk techniques.
Tetrahydrofuran was purified by distillation from sodium/benzophenone ketyl. Hexane was purified
with a MBRAUN SBS-800 purification system. Dichloromethane was purified by distillation from
CaH2. For column chromatography, alumina with a particle size of 90 µm (standard, Merck KgaA)
or silica with a particle size of 40–60 µm (230–400 mesh (ASTM), Fa. Macherey-Nagel) was used. As
filtration support Zeolithe (Riedel de Häen) was applied.

4.2. Instruments

Infrared spectra were recorded at ambient conditions with a FT-Nicolet IR 200 equipment or as
ATR-FTIR spectra by using a Biorad FTS-165 or a Nicolet iS 10 spectrometer from Thermo Scientific.
NMR spectra (500.3 MHz for 1H, 125.7 MHz for 13C, 160.5 MHz for 11B) were recorded using a Bruker
Avance III 500 FT-NMR spectrometer at ambient temperature. Chemical shifts are reported in ppm
downfield from tetramethylsilane with the solvent as reference signal (1H NMR: δ (CDCl3) = 7.26 ppm;
13C{1H} NMR: δ (CDCl3) = 77.16 ppm). The melting points were determined with a Gallenkamp MFB
595 010 M melting point apparatus. Elemental analyses were performed with a Thermo FlashEA 1112
Series instrument (ThermoFisher). High-resolution mass spectra were recorded using a micrOTOF QII
Bruker Daltonite workstation.

4.3. Crystallography

Data were collected with an Oxford Gemini S diffractometer at≤120 K using Mo Kα (λ = 0.71073 Å)
radiation. The structures were solved by direct methods and refined by full-matrix least square
procedures on F2 with SHELXL-2013 [134,135]. All non-hydrogen atoms were refined anisotropically,
and a riding model was employed in the treatment of the hydrogen atom positions. Graphics of the
molecular structures have been created using ORTEP [136].

The acidic hydrogen atom in 5 has been refined as an idealized OH group with the torsion angle
derived from electron density (AIFX 147). In 13, idealized aromatic hydrogens (AFIX 43) were used for
the calculation of the N−H functionalities, whereas the positions of the water hydrogens were derived
from residual density and fixed by using DFIX and DANG instructions. The titanium(III) complex
16 was crystallized from methanol and contained disordered solvent molecules in the asymmetric
unit. However, attempts to refine them over several sets of sites have not been successful, and thus,
they have been omitted by applying the SQUEEZE [105] procedure of the PLATON [137,138] program
package. Solvent-accessible voids of 760 Å3 per unit cell were found, and 113 electrons have been
omitted, which corresponds to slightly less than two molecules of methanol within the asymmetric
unit of 16.

Crystal data for 5: C23H20Fe2O2, M = 440.09 g mol−1, orthorhombic, P212121, λ = 0.71073 Å,
a = 8.7957(8) Å, b = 9.6795(9) Å, c = 21.569(3) Å, V = 1836.3(3) Å3, Z = 4, ρcalcd = 1.592 Mg m−3,
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µ = 1.595 mm−1, T = 120.00(10) K, θ range 3.530–24.990◦, 5616 reflections collected, 3005 independent
reflections (Rint = 0.0330), R1 = 0.0614, wR2 = 0.1496 (I > 2σ(I)), absolute structure parameter 0.000(16).

Crystal data for 16: C30H22Cl2O4Ti, M = 565.27 g mol−1, monoclinic, P21/n, λ = 0.71073 Å, a = 14.3372(7)
Å, b =15.3425(8) Å, c = 14.6145(7) Å, β = 97.054(5)◦, V = 3190.4(3) Å3, Z = 4, ρcalcd = 1.177 Mg m−3,
µ = 0.464 mm−1, T = 120.00(14) K, θ range 3.253–24.999◦, 13796 reflections collected, 5554 independent
reflections (Rint = 0.0541), R1 = 0.0651, wR2 = 0.1556 (I > 2σ(I)).

4.4. Electrochemistry

Electrochemical measurements on 1.0 mmol·L−1 solutions of the analytes in anhydrous, air free
dichloromethane containing 0.1 mol·L−1 of [NBu4][B(C6F5)4] as a supporting electrolyte were conducted
under a blanket of purified argon at 25 ◦C utilizing a Radiometer Voltalab PGZ 100 electrochemical
workstation combined with a personal computer [128,139,140]. A three-electrode cell, which utilized
a Pt auxiliary electrode, a glassy carbon working electrode (surface area 0.031 cm2), and an Ag/Ag+

(0.01 mol·L−1 AgNO3) reference electrode mounted on a Luggin capillary were used. The working
electrode was pretreated by polishing on a Buehler microcloth first with a 1 µm and then with a 1/4 µm
diamond paste. The reference electrode was constructed from a silver wire inserted into a solution of
0.01 mol·L−1 [AgNO3] and 0.1 mol·L−1 [NBu4][B(C6F5)4] in acetonitrile in a Luggin capillary with a
CoralPor tip. This Luggin capillary was inserted into a second Luggin capillary with a CoralPor tip
filled with a 0.1 mol·L−1 [NBu4][B(C6F5)4] solution in dichloromethane. Successive experiments under
the same experimental conditions showed that all formal reduction and oxidation potentials were
reproducible within ±5 mV. Experimentally, potentials were referenced against an Ag/Ag+ reference
electrode, but results are presented referenced against ferrocene as an internal standard as required by
IUPAC [125,126]. When decamethylferrocene was used as an internal standard, the experimentally
measured potentials were converted into E vs. FcH/FcH+ by addition of −614 mV [141,142]. Data
were then manipulated on a Microsoft Excel worksheet to set the formal reduction potentials of the
FcH/FcH+ couple to ∆E◦′ = 0.0 V. Ferrocene itself showed a redox potential of 220 mV vs. Ag/Ag+

(∆Ep = 61 mV) within the measurements [143,144]. The cyclic voltammograms were taken after typical
three scans and are considered to be steady-state cyclic voltammograms in which the signal pattern
differs not from the initial sweep.

UV/Vis-NIR measurements were carried out in an OTTLE (=optically thin-layer electrochemistry)
cell with quartz windows similar to that described previously [132] in anhydrous dichloromethane
solutions containing 2.0 mmol·L−1 analyte and 0.1 mol·L−1 of [NBu4][B(C6F5)4] as a supporting
electrolyte using a Varian Cary 5000 spectrophotometer at 25 ◦C. The working electrode Pt-mesh,
the AgCl-coated Ag wire for reference, and the Pt-mesh auxiliary electrode are melt-sealed
into a polyethylene spacer. The values obtained by deconvolution could be reproduced within
εmax = 100 L·mol−1

·cm−1, νmax = 50 cm−1, and ∆ν1/2 = 50 cm−1. Between the spectroscopic
measurements, the applied potentials have been increased step-wisely using step heights of 25,
50, or 100 mV. At the end of the measurements, the analyte was reduced at −400 mV for 30 min, and an
additional spectrum was recorded to prove the reversibility of the oxidations.

4.5. Reagents

[NBu4][B(C6F5)4] was prepared by metathesis of lithium tetrakis(pentafluorophenyl)borate
etherate (Boulder Scientific) with tetra-n-butylammonium bromide according to reference [129].
All other chemicals were purchased from commercial suppliers and were used without further
purification. Ethyl ferrocenecarboxylate 1 was synthesized by mono lithiation of ferrocene with
tBuLi and subsequent addition of ethyl chloroformate [79]. Acetylferrocene (2) was synthesized
by acylation of ferrocene with acetic anhydride and boron trifluoride etherate [80]. Ferrocenyl
ketone 3 was formed by a Friedel-Crafts acylation of ferrocene with hexanoyl chloride and
anhydrous aluminum chloride as a catalyst [81]. Hexanoyl chloride used for the synthesis of



Molecules 2020, 25, 4476 16 of 27

3 as well as 2-[2-(2-methoxyethoxy)ethoxy]acetyl chloride, applied in the preparation of 4, were
synthesized by refluxing the appropriate carboxylic acids in thionyl chloride for 6 h and subsequent
distillation [82,83]. The Claisen condensation of ferrocenyl ester 1 and ketone 2 to give diketone 5
(and as side product 6) were performed similar (ethyl ferrocenoate instead of methyl ferrocenoate)
to a literature-known procedure [84]. The analytical data of 5 agree well with the ones in
references [36,84]. The compound 1,3-diferrocenylpropane-1,3-dionato lithium(I) was obtained as an
intermediate in the synthesis of 5, when the reaction solution was filtered off before quenching
with aqueous hydrochloric acid. The compound 1-iodo-2-[2-(2-methoxyethoxy)ethoxy]ethane
was synthesized by refluxing 1-bromo-2-[2-(2-methoxyethoxy)ethoxy]ethane in the presence of
sodium iodide in acetone for 48 h and subsequent distillation at 160 ◦C (37 mbar) [86]. The
compound 1-bromo-2-[2-(2-methoxyethoxy)ethoxy]ethane was prepared by an Appel reaction of
2-[2-(2-methoxyethoxy)ethoxy]ethanol, tetrabromomethane, and triphenylphosphane [88].

4.6. Synthesis of 1-Ferrocenyl-2-[2-(2-methoxyethoxy)ethoxy]ethanone (4)

Ferrocene (6.62 g, 35.6 mmol) and AlCl3 (4.75 g, 35.6 mmol) were dissolved in 70 mL of anhydrous
dichloromethane and the thus-obtained reaction solution was then cooled to 0 ◦C. The compound
2-[2-(2-methoxyethoxy)ethoxy]acetyl chloride (7.0 g, 35.6 mmol) in 20 mL of dichloromethane was
added dropwise via a dropping funnel within 30 min. The reaction solution was warmed up to ambient
temperature for 2 h and then added in a single portion to an aqueous NaHCO3 solution. The organic
phase was separated. The aqueous solution was extracted twice with 40 mL (each) of dichloromethane.
The organic phases were combined, dried over MgSO4, and all volatiles were removed in vacuum.
The crude product was purified by column chromatography (column size: 20 × 3 cm, alumina) using
a hexane–dichloromethane mixture of ratio 1:1 (v/v) as eluent. The 4th fraction contained the title
compound 4, which after removal of all volatiles gave a brownish oily liquid. Yield: 11.3 g (32.6 mmol,
92% based on ferrocene).

Anal. Calcd. for C17H22FeO4 (M = 346.20 g·mol−1): C 58.98, H 6.41; found: C 58.91, H 6.57. ATIR (ATR;
ṽ in cm−1): 3095 (m, νC–H), 2875 (m), 1721 (w), 1680 (s), 1556 (m), 1455 (m), 1378 (m), 1361 (m), 1253
(m), 1198 (w), 1105 (s), 1064 (s), 1027 (s), 823 (s, πC–H, C5H5), 775 (w). 1H NMR (CDCl3, δ in ppm): 3.38
(s, 3H, CH3), 3.56 (m, 2H, CH2), 3.67 (m, 2H, CH2), 3.73 (m, 2H, CH2), 3.78 (m, 2H, C(O)CH2), 4.21 (s,
5H, C5H5), 4.51 (pt, 3JH,H = 1.9 Hz, 2H, C5H4), 4.56 (s, 2H, CH2), 4.83 (pt, 3JH,H = 1.9 Hz, 2H, C5H4).
13C{1H} NMR (CDCl3, δ in ppm): 59.2 (CH3), 69.2 (C5H4), 70.1 (C5H5), 70.7 (CH2), 71.0 (CH2), 71.1
(CH2), 72.1 (CH2), 72.5 (C5H4), 74.6 (CH2), 76.3 (iC-C5H4), 201 (C=O). HRMS (ESI-TOF, m/z): calcd. for
C17H22FeO4 + H: 347.0940; found 347.0954 [M + H]+.

4.7. Synthesis of 2-Butyl-1,3-diferrocenyl-1,3-propandione (7)

Ferrocenyl ketone 3 (1.72 g, 6.05 mmol) was dissolved in 20 mL of anhydrous tetrahydrofuran,
and this solution was treated with 3.0 mL (2 M in tetrahydrofuran) of lithium diisopropylamide at
0 ◦C. The reaction solution was stirred for 2 h at 50 ◦C and a solution of ethyl ferrocenoate 1 (1.72 g,
6.05 mmol) in 10 mL of tetrahydrofuran was added via a syringe. After 10 h of stirring, the reaction
solution was shaken with hydrochloric acid and extracted four times with 60 mL (each) of diethyl
ether. The combined organic phases were dried over MgSO4, and all volatiles were removed. The
crude product was purified by column chromatography (column size: 20 × 3 cm, silica) using a
hexane–dichloromethane mixture of ratio 2:1 (v/v) as eluent. The 2nd fraction contained 7, which, after
removal of all volatiles, gave 7 as a red solid. Yield: 362 mg (0.73 mmol, 40% based on 3).

Anal. Calcd. for C27H28Fe2O2 (M = 496.20 g·mol−1): C 65.35, H 5.69; found: C 65.42, H 5.97. Mp.:
142 ◦C. IR (KBr, ṽ in cm−1): 3094 (m, νC–H), 2950 (m), 2923 (m), 2870 (m), 1671 (m), 1642 (s, νC=O),
1441 (m),1411 (w), 1374 (m), 1285 (m), 1257 (m), 1107 (m), 1049 (m), 1027 (m), 1003 (m), 852 (m), 827
(m, πC–H, C5H5), 734 (m), 545 (m), 521 (m), 508 (m, C5H4 ring tilt). 1H NMR (CDCl3, δ in ppm): 0.93
(t, 3JH,H = 7.0 Hz, 3H, CH3), 1.38 (m, 4H, CH2CH2), 2.13 (m, 2H, CH2), 4.08 (s, 10H, C5H5), 4.26 (t,
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3JH,H = 7.2 Hz, 1H, CH), 4.51 (ptd, JH,H = 2.6, 1.4 Hz, 2H, C5H4), 4.54 (ptd, JH,H = 2.5, 1.3 Hz, 2H,
C5H4), 4.93 (dpt, JH,H = 2.5, 1.3 Hz, 2H, C5H4), 4.94 (dpt, JH,H = 2.6, 1.3 Hz, 2H, C5H4). 13C{1H} NMR
(CDCl3, δ in ppm): 14.1 (CH3), 22.8 (CH2), 30.1 (CH2), 30.8 (CH2), 65.2 (CH), 70.0 (C5H4), 70.2 (C5H5),
70.5 (C5H4), 72.6 (C5H4), 72.7 (C5H4), 79.0 (iC-C5H4), 199.9 (C=O). HRMS (ESI-TOF, m/z): calcd. for
C27H28Fe2O2 + H: 497.0788; found 497.0862 [M + H]+.

Crystal data for 7: C27H28Fe2O2, M = 496.19 g mol−1, monoclinic, P21/c, λ = 0.71073 Å, a = 16.2997(15)
Å, b = 10.7155(7) Å, c = 12.6538(10) Å, β = 93.817(8)◦, V = 2205.2(3) Å3, Z = 4, ρcalcd = 1.495 Mg m−3,
µ = 1.337 mm−1, T = 119.95(10) K, θ range 3.458–24.999◦, 9367 reflections collected, 3849 independent
reflections (Rint = 0.1002), R1 = 0.0601, wR2 = 0.0763 (I > 2σ(I)).

4.8. Synthesis of 2-(2-[2-(2-Methoxyethoxy)ethoxy]ethyl)-1,3-diferrocenyl-1,3-propandione (9)

Diferrocenyl diketone 5 (360 mg, 0.82 mmol), 1-iodo-2-[2-(2-methoxyethoxy)ethoxy]ethane (225 mg,
0.82 mmol) and KOtBu (92 mg, 0.82 mmol) were dissolved in 20 mL of dimethyl sulfoxide and the
thus-obtained reaction solution was stirred for 14 h at 50 ◦C. Afterwards, it was poured into 100 mL of
water and extracted five times with 50 mL (each) of diethyl ether. The combined organic phases were
dried over MgSO4, and all volatiles were removed in vacuum. The crude product was purified by
column chromatography (column size: 20 × 3 cm, silica) using a hexane–dichloromethane mixture
of ratio 1:1 (v/v) as eluent. The 2nd fraction contained 9, which, after removal of all volatiles, gave 9.
Crystallization from a hexane/dichloromethane mixture of ratio 1:20 (v/v) at −20 ◦C afforded 9 as red
crystals. Yield: 310 mg (0.53 mmol, 64% based on 5).

Anal. Calcd. for C30H34Fe2O5 (M = 586.28 g·mol−1): C 61.46, H 5.85; found: C 61.25, H 6.04. Mp.:
74 ◦C. IR (KBr, in cm−1): 3098 (m, νC–H), 3089 (m, νC–H), 2884 (m), 1677 (s, νC=O), 1656 (s, νC=O), 1449
(s), 1410 (m), 1374 (s), 1336 (m), 1295 (m), 1265 (m), 1235 (m), 1132 (m), 1107 (s), 1047 (m), 1026 (m),
991 (m), 898 (m), 833 (s, πC–H, C5H5), 658 (m), 532 (m, C5H4). 1H NMR (CDCl3, δ in ppm): 2.42 (q,
3JH,H = 6.1 Hz, 2H, CH2), 3.37 (s, 3H, CH3), 3.55 (m, 4H, CH2), 3.65 (m, 6H, CH2), 4.11 (s, 10H, C5H5),
4.50 (ptd, JH,H = 2.6, 1.4 Hz, 2H, C5H4), 4.53 (ptd, JH,H = 2.5, 1.3 Hz, 2H, C5H4), 4.57 (t, 3JH,H = 6.9 Hz,
1H, CH), 4.92 (dpt, JH,H = 2.5, 1.2 Hz, 2H, C5H4), 4.94 (dpt, JH,H = 2.6, 1.3 Hz, 2H, C5H4). 13C{1H} NMR
(CDCl3, δ in ppm): 30.4 (CH2), 59.2 (CH3), 60.2 (CH), 69.1 (CH2), 70.1 (C5H4), 70.2 (C5H5), 70.3 (CH2),
70.4 (C5H4), 70.7 (CH2), 70.8 (CH2), 72.1 (CH2), 72.6 (C5H4), 72.7 (C5H4), 79.0 (iC-C5H4), 199.8 (CO).
HRMS (ESI-TOF, m/z): calcd. for C30H34Fe2O5: 586.1105; found 586.1070 [M + H]+.

Crystal data for 9: C30H34Fe2O5, M = 586.27 g mol−1, monoclinic, P21/c, λ = 0.71073 Å, a = 29.244(2)
Å, b = 9.6717(7) Å, c = 19.1333(11) Å, β = 102.630(6)◦, V = 5280.7(6) Å3, Z = 8, ρcalcd =1.475 Mg m−3,
µ = 1.138 mm−1, T = 114.0(6) K, θ range 3.004–25.000◦, 24,744 reflections collected, 9280 independent
reflections (Rint = 0.0447), R1 = 0.0838, wR2 = 0.2179 (I > 2σ(I)).

4.9. Synthesis of tris-(1,3-Diferrocenylpropane-1,3-dionato-κ2-O,O′)titanium(III) (10)

1,3-Diferrocenylpropane-1,3-dionato lithium (200 mg, 0.45 mmol) in 200 mL of anhydrous
tetrahydrofuran was dropwise treated with TiCl4 (16 µL, 0.14 mmol) via a syringe at −80 ◦C. A green
colored precipitate was formed immediately, and the reaction solution was stirred until it reached
ambient temperature. The green precipitate was filtered off, washed thrice with 10 mL (each) of diethyl
ether, and crystallization from toluene afforded a dark green solid of 10. Yield: 29 mg (0.021 mmol,
14% based on 1,3-diferrocenylpropane-1,3-dionato lithium(I)).

C69H57Fe6O6Ti (M = 1365.12 g·mol−1). Mp.: ≥240 ◦C decomposition. IR (KBr, in cm−1): 1618 (m),
1504 (s, νC=O), 1501 (s, νC=O), 1445 (m), 1381 (m), 1344 (m), 1331 (m), 1295 (m), 1250 (m), 1213 (w),
1107 (m), 1028 (m), 943 (m), 823 (m, πC–H, C5H5), 731 (m), 675 (m). HRMS (ESI-TOF, m/z): calcd. for
C69H57Fe6O6Ti: 1364.9735; found 1364.9675 [M + H]+.
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4.10. Synthesis of tris-(1,3-Diferrocenylpropane-1,3-dionato-κ2-O,O′)iron(III) (11)

A solution of [Fe(acac)3] (45 mg, 0.127 mmol) and 5 (167 mg, 0.38 mmol) in 15 mL of acetonitrile
was refluxed for 3 h. The solvent was reduced to 4 mL, and the dark brown precipitate was filtered off

and washed thrice with 10 mL (each) of diethyl ether to give 11. Yield: 22 mg (0.016 mmol, 12% based
on [Fe(acac)3]).

Anal. Calcd. for C69H57Fe7O6 (M = 1373.10 g·mol−1): C 60.36, H 4.18; found: C 60.17, H 4.60. Mp.:
≥230 ◦C decomposition. IR (KBr, in cm−1): 3094 (m, νC–H), 1536 (s, νC=O), 1519 (s, νC=O), 1462 (m),
1439 (m), 1404 (m), 1370 (m), 1350 (m), 1327 (m), 1300 (m), 1242 (m), 1210 (w), 1106 (m), 1024 (m), 947
(m), 820 (m, πC–H, C5H5), 790 (m), 688 (m), 565 (m, C5H4 ring tilt).

4.11. Synthesis of bis-(1,3-Diferrocenylpropane-1,3-dionato-κ2-O,O′)difluoro-borane(III) (12)

To a solution of 5 (300 mg, 0.68 mmol) and 0.12 mL of diisopropyl amine (0.82 mmol) in 10 mL
of dichloromethane was dropwise added 0.1 mL of [BF3

.OEt2] (0.82 mmol) via a syringe at ambient
temperature. The color changed immediately to purple. After 1 h of stirring at this temperature,
all volatiles were removed under reduced pressure, and the crude product was purified by column
chromatography (column size: 20 × 3 cm, silica) using dichloromethane as eluent. The 1st fraction
contained 12. Crystallization of 12 from dichloromethane at ambient temperature gave dark purple
crystals. Yield: 36 mg (0.074 mmol, 11% based on 5).

Anal. Calcd. for C23H19Fe2O2BF2 (M = 487.89 g·mol−1): C 56.62, H 3.93; found: C 56.98, H 4.12. Mp.:
≥280 ◦C decomposition. IR (KBr, in cm−1): 3110 (w, νC–H), 2925 (w), 2852 (w), 1541 (s, νC=O), 1497 (s,
νC=O), 1456 (m), 1385 (m), 1369 (m), 1352 (m), 1322 (m), 1261 (m), 1218 (w), 1185 (w), 1146 (m), 1026 (m),
1107 (m), 1085 (m), 1062 (m), 1030 (m), 1019 (m), 916 (w), 823 (m, πC–H, C5H5), 807 (m), 739 (m), 685 (m),
510 (m, C5H4 ring tilt). 1H NMR (CDCl3, δ in ppm): 4.29 (s, 10H, C5H5), 4.76 (pt, 3JH,H = 1.9 Hz, 4H,
C5H4), 4.99 (pt, 3JH,H = 1.9 Hz, 4H, C5H4), 6.10 (s, 1H, COCHCO). 13C{1H} NMR (CDCl3, δ in ppm):
69.8 (C5H4), 71.5 (C5H5), 74.5 (C5H4), 74.6 (iC5H4), 93.3 (CH), 185.5 (C=O). 11B{1H} NMR (CDCl3, δ in
ppm): 0.94 ppm.

Crystal data for 12: C23H19BF2Fe2O2, M = 487.89 g mol−1, monoclinic, P21/c, λ = 0.71073 Å,
a = 12.0629(6) Å, b = 13.4134(5) Å, c = 12.3500(5) Å, β = 104.741(4)◦, V = 1932.51(15) Å3, Z = 4,
ρcalcd = 1.677 Mg m−3, µ = 1.538 mm−1, T = 112.8(5) K, θ range 3.037–24.998◦, 7728 reflections collected,
3393 independent reflections (Rint = 0.0344), R1 = 0.0334, wR2 = 0.0779 (I > 2σ(I)).

4.12. Synthesis of 3,5-Diferrocenyl-1H-pyrazole (13)

Diferrocenyl diketone 5 (700 mg, 1.59 mmol) and 6 equiv. of 64% hydrazine hydrate (0.5 mL)
in 10 mL of acetic acid were stirred for 12 h at 70 ◦C. After cooling the reaction mixture to ambient
temperature, it was poured into water and neutralized with a 1 M solution of NaOH. The obtained solution
was extracted four times with 30 mL (each) of dichloromethane, the combined organic phases were dried
over MgSO4, and then, all volatiles were removed in vacuum. The crude product was adsorbed on silica
and purified by column chromatography (column size: 20 × 3 cm, silica) using dichloromethane as eluent.
The 3rd fraction contained 13. After removing all volatiles under reduced pressure, compound 13 was
obtained as an orange-red solid. Yield: 560 mg (1.28 mmol, 80% based on 5).

Anal. Calcd. for C23H20Fe2N2 (M = 436.11 g·mol−1): C 63.34, H 4.62, N 6.42; found: C 63.98, H 4.12, N
6.42. Mp.: ≥ 270 ◦C decomposition. IR (KBr, in cm−1): 3392 (m, νN−H), 3213 (m, νC–H), 3262 (m, νC–H),
3093 (s, νC–H), 3042 (m, νC–H), 2926 (s), 2869 (m), 2760 (m), 1735 (w), 1637 (w), 1600 (s, νC=N), 1550 (m),
1454 (w), 1414 (s, δC-H), 1370 (w), 1280 (m), 1237 (w), 1168 (m), 1105 (s, νC-N), 1085 (w), 1024 (m), 1001
(m), 980 (m), 879 (m), 813 (s, πC–H, C5H5), 713 (w), 538 (w), 510 (s, C5H4 ring tilt). 1H NMR (CDCl3,
δ in ppm): 4.11 (s, 10H, C5H5), 4.31 (broad signal, 4H, C5H4), 4.66 (broad signal, 4H, C5H4), 6.33 (s,
1H, CH). 13C{1H} NMR (CDCl3, δ in ppm): 66.6 (C5H4), 68.9 (C5H4), 69.7 (C5H5), 100.2 (CH). HRMS
(ESI-TOF, m/z): calcd. for C23H20Fe2N2: 436.0320; found 436.0344 [M]+.
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Crystal data for 13: C92H82Fe8N8O, M = 1762.45 g mol−1, triclinic, P−1, λ = 0.71073 Å, a = 12.7706(4)
Å, b = 13.1931(5) Å, c = 25.2510(8) Å, α = 94.195(3)◦, β = 90.511(2)◦, γ = 117.837(3)◦, V = 3747.5(2) Å3,
Z = 2, ρcalcd = 1.562 Mg m−3, µ = 1.559 mm−1, T = 114.8(3) K, θ range 3.339–24.996◦, 28,847 reflections
collected, 13,135 independent reflections (Rint = 0.0392), R1 = 0.0401, wR2 = 0.0852 (I > 2σ(I)).

4.13. Synthesis of 1-Methyl-3,5-diferrocenyl-1H-pyrazole (14)

3,5-Diferrocenyl-1H-pyrazole (13) (64 mg, 0.15 mmol) dissolved in 5 mL of NiPr2Et was stirred
with two drops of nitrobenzene and 35 equiv. of dimethyl sulfate (0.5 mL) for 12 h at 70 ◦C. After
cooling the reaction solution to ambient temperature and removing all volatile materials, the crude
product was adsorbed on silica and purified by column chromatography (column size: 20 × 3 cm,
silica) using a hexane–dichloromethane mixture of ratio 1:1 (v/v) as eluent. The 1st fraction contained
the title complex. After removing all volatiles under reduced pressure, compound 14 was obtained as
a yellow solid. Yield: 51 mg (0.11 mmol, 76% based on 13).

C24H22Fe2N2 (M = 450.13 g·mol−1). Mp.: ≥ 230 ◦C decomposition. IR (KBr, in cm−1): 3223 (s, νC–H),
3176 (s, νC–H), 3262 (s, νC–H), 3094 (s, νC–H), 2927 (s), 2855 (m), 1735 (w), 1654 (w), 1595 (m, νC=N),
1550 (m), 1457 (w), 1412 (m, δC-H), 1368 (w), 1274 (m), 1238 (w), 1171 (w), 1104 (s, νC-N), 1085 (w), 1039
(m), 1030 (s), 1004 (m), 975 (w), 879 (s), 828 (m), 814 (s, πC–H, C5H5), 701 (w), 537 (w), 512 (s, C5H4

ring tilt). 1H NMR (CDCl3, δ in ppm): 3.97 (s, 3H, CH3), 4.10 (s, 5H, C5H5), 4.18 (s, 5H, C5H5), 4.27
(pt, 3JH,H = 1.8 Hz, 2H, C5H4), 4.36 (pt, 3JH,H = 1.9 Hz, 2H, C5H4), 4.53 (pt, 3JH,H = 1.9 Hz, 2H, C5H4),
4.68 (pt, 3JH,H = 1.8 Hz, 2H, C5H4), 6.32 (s, 1H, CH). HRMS (ESI-TOF, m/z): calcd. for C24H22Fe2N2:
450.0477; found 450.0478 [M]+.

4.14. Synthesis of 1-Phenyl-3,5-diferrocenyl-1H-pyrazole (15)

A mixture of compound 5 (200 mg, 0.454 mmol) and 4.4 equiv. of phenylhydrazine (0.2 mL)
in 10 mL of acetic acid was stirred at 70 ◦C for 24 h. After cooling the reaction solution to ambient
temperature, it was poured into water and neutralized with a 1 M solution of NaOH. The solution was
extracted thrice with 40 mL of dichloromethane (each), the combined organic phases were dried over
MgSO4, and then all volatiles were removed in vacuum. The crude product was adsorbed on silica and
purified by column chromatography (column size: 20 × 3 cm, silica) using dichloromethane as eluent.
The 2nd fraction contained the title compound. After removing all volatiles under reduced pressure,
compound 15 was obtained as an orange solid. Orange crystals of 15 were formed by crystallization of
15 from a hexane–dichloromethane mixture of ratio 1:10 (v/v) at −20 ◦C. Yield: 63 mg (0.123 mmol, 27%
based on 5).

Anal. Calcd. for C29H24Fe2N2 (M = 512.20 g·mol−1): C 68.00, H 4.72, N 5.47; found: C 67.60, H 4.69,
5.37. Mp.: 158◦. IR (KBr, in cm−1): 3103 (m, νC–H), 3095 (m, νC–H), 3085 (s, νC–H), 1593 (m, νC=N), 1573
(m), 1543 (m), 1498 (s), 1449 (m), 1417 (s, δC-H), 1393 (m), 1364 (m), 1352 (m), 1323 (m), 1226 (w), 1210
(w), 1180 (m), 1106 (s, νC-N), 1095 (w), 1074 (m), 1028 (m), 999 (m), 980 (m), 969 (m), 911 (m), 882 (m),
873 (m), 829 (s), 816 (s, πC–H, C5H5), 799 (s), 759 (s), 697 (m), 684 (m), 650 (m), 579 (m), 528 (m), 513 (s,
C5H4 ring tilt). 1H NMR (CDCl3, δ in ppm): 4.09 (s, 5H, C5H5), 4.14 (s, 5H, C5H5), 4.18 (broad signal,
2H, C5H4), 4.20 (broad signal, 2H, C5H4), 4.30 (broad signal, 2H, C5H4), 4.77 (broad signal, 2H, C5H4),
6.55 (s, 1H, CH), 7.40 (m, 5H, C6H5). 13C{1H} NMR (CDCl3, δ in ppm): 66.9 (C5H4), 68.7 (C5H4), 68.7
(C5H4), 69.7 (C5H4), 70.0 (C5H5), 75.1 (iC-C5H4), 78.5 (iC-C5H4), 104.3 (CH-C3N2), 126.6 (C6H5), 128.1
(C6H5), 129.0 (C6H5), 140.7 (iC C6H5), 142.5 (iC-C3N2), 151.2 (iC-C3N2). HRMS (ESI-TOF, m/z): calcd.
for C29H24Fe2N2: 512.0634; found 512.0628 [M]+.

Crystal data for 15: C29H24Fe2N2, M = 512.20 g mol−1, monoclinic, P21/n, λ = 0.71073 Å, a = 12.7813(4)
Å, b = 9.8440(3) Å, c = 17.3856(6) Å, β = 90.168(3)◦, V = 2187.43(12) Å3, Z = 4, ρcalcd = 1.555 Mg m−3,
µ = 1.347 mm−1, T = 113.2(4) K, θ range 3.126–24.998◦, 14328 reflections collected, 3843 independent
reflections (Rint = 0.0365), R1 = 0.0444, wR2 = 0.1175 (I > 2σ(I)).
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Supplementary Materials: The Supplementary Materials are available online. Figures, Tables, and CIF files
giving further (spectro)electrochemical spectra, NMR spectra, and crystallographic data. Crystallographic data of
5, 7, 9, 12, 13, 15, and 16 are also available from the Cambridge Crystallographic Database as file numbers CCDC
1548123 (5), 1548124 (7), 1548125 (9), 1548126 (12), 1548127 (134· · ·H2O), 1548128 (15), 1548129 (16). Figure S1:
Ball-and-Stick model of the molecular structure of 13 showing the intramolecular T-shaped π interactions (green).
Geometric properties (Å/◦): CtC4–C8· · ·CtC55–C59, d = 4.637(8), α = 85.6(6); CtC37–C41· · ·CtC78–C82, d = 4.736(7),
α = 87.8(6). Figure S2: Cyclic voltammogram (solid line: scan rate 100 mV s−1) and square-wave voltammograms
(dotted line: step-height 25 mV, pulse-width 5 s, amplitude 5 mV) of 16 in dichloromethane solution (1.0 mmol ·L−1)
at 25 ◦C measured with a glassy carbon working electrode. Supporting electrolyte 0.1 mol·L−1 of [NBu4][B(C6F5)4]).
Figure S3: Cyclic voltammogram (scan rate 100 mV s−1) of 11 in dichloromethane solution (1.0 mmol·L−1) at
25 ◦C measured with a glassy carbon working electrode. Supporting electrolyte 0.1 mol·L−1 of [NBu4][B(C6F5)4]).
* Impurities in the electrolyte. Figure S4: UV-Vis/NIR spectra of 5 in a dichloromethane solution (2.0 mmol·L−1) at
rising potentials vs. Ag/AgCl at 25 ◦C; supporting electrolyte 0.1 mol·L−1 of [NBu4][B(C6F5)4]. Arrows indicate
an increase, decrease or shift of absorptions. Figure S5: UV-Vis/NIR spectra of 6 in a dichloromethane solution
(2.0 mmol·L−1) at rising potentials vs. Ag/AgCl at 25 ◦C; supporting electrolyte 0.1 mol·L−1 of [NBu4][B(C6F5)4].
Arrows indicate an increase, decrease or shift of absorptions. Figure S6: Deconvolution of NIR absorption of [12]+
using Gaussian shaped bands. Table S1: Geometric properties (Å/◦) of the ferrocenyls in 5, 7, 9, 12, 13 and 15.
Table S2: Plane Intersections (◦) of C5H4, C3 and phenyl motifs in β-diketones, pyrazols and phenyls.

Author Contributions: Conceptualization, S.W.L., A.H., J.C.S. and H.L.; Synthetic work, S.W.L.; X-Ray
measurements, M.K.; Formal Analysis and Investigation, S.W.L., A.H., M.K.; Writing—Original Draft Preparation,
S.W.L., M.K., J.M., A.H., and H.L.; Writing—Review & Editing, M.K., J.M. and H.L.; Supervision, H.L.; Funding
Acquisition, H.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lang, H.; Buschbeck, R. Deposition of metals and metal oxides by means of metal enolates. In Chem. of Metal
Enolates; Zabicky, J., Ed.; John Wiley & Sons: Chichester, UK, 2009; Volume 2, pp. 929–1017.

2. Vigato, P.A.; Peruzzo, V.; Tamburini, S. The evolution of β-diketone or β-diketophenol ligands and related
complexes. Coord. Chem. Rev. 2009, 253, 1099–1201. [CrossRef]

3. Aromí, G.; Gamez, P.; Reedijk, J. Poly beta-diketones: Prime ligands to generate supramolecular
metalloclusters. Coord. Chem. Rev. 2008, 252, 964–989. [CrossRef]

4. Hoshino, Y. Molecular design for long-range electronic communication between metals. Platinum Met. Rev.
2001, 45, 2–11.

5. Sievers, R.E.; Sadlowski, J.E. Volatile Metal complexes. Science 1978, 201, 217–223. [CrossRef]
6. Preuß, A.; Korb, M.; Rüffer, T.; Bankwitz, J.; Georgi, C.; Jakob, J.; Schulz, S.E.; Lang, H. A β-ketoiminato

palladium(II) complex for palladium deposition. Z. Nat. 2019, 74, 901–912. [CrossRef]
7. Preuß, A.; Korb, M.; Rüffer, T.; Bankwitz, J.; Georgi, C.; Jakob, J.; Schulz, S.E.; Lang, H. Synthesis of

β-ketoiminato copper(II) complexes and their use in copper deposition. Z. Anorg. Allg. Chem. 2020, 646,
670–680. [CrossRef]

8. Siedle, A.R. Comprehensive Coordination Chemistry; Wilkinson, G., Gillard, R.D., McCleverty, J.A., Eds.;
Pergamon Press: New York, NY, USA, 1987; Volume 2, pp. 365–412.

9. Kemp, K.C.; Fourie, E.; Conradie, J.; Swarts, J.C. Ruthenocene-containing β-diketones: Synthesis, pKa
′

values, keto–enol isomerization kinetics, and electrochemical aspects. Organometallics 2008, 27, 353–362.
[CrossRef]

10. Banger, K.K.; Kornilov, A.; Claessen, R.U.; Eisenbraun, E.T.; Kaloyeros, A.E.; Toscano, P.J.; Welch, J.T. The first
metal complex containing a silylated β-diketonate ligand: Bis(2,2,6,6-tetramethyl-2-sila-3,5-heptanedionato)
copper(II). Inorg. Chem. Commun. 2001, 4, 496–500. [CrossRef]

11. Luo, B.; Gladfelter, W.L. Chemical Vapour Deposition of Metals: W., Al, Cu and Ru. In Chemical Vapour
Deposition: Precursors, Processes and Applications; Jones, A.C., Hitchman, M.L., Eds.; RSC Publishing:
Cambridge, UK, 2009; pp. 320–356.

12. Pousaneh, E.; Korb, M.; Assim, K.; Rüffer, T.; Dzhagan, V.; Noll, J.; Zahn, D.R.T.; Schulz, S.E.; Lang, H. Iron(III)
β-diketonates: CVD precursors for iron oxide film formation. Inorg. Chim. Acta 2019, 487, 1–11. [CrossRef]

http://dx.doi.org/10.1016/j.ccr.2008.07.013
http://dx.doi.org/10.1016/j.ccr.2007.07.008
http://dx.doi.org/10.1126/science.201.4352.217
http://dx.doi.org/10.1515/znb-2019-0172
http://dx.doi.org/10.1002/zaac.201900208
http://dx.doi.org/10.1021/om700609z
http://dx.doi.org/10.1016/S1387-7003(01)00258-1
http://dx.doi.org/10.1016/j.ica.2018.11.029


Molecules 2020, 25, 4476 21 of 27

13. Schmidt, H.; Jakob, A.; Haase, T.; Kohse-Höinghaus, K.; Schulz, S.E.; Wächtler, T.; Gessner, T.; Lang, H.
nBu3P-Silber(I)-β-diketonate: Synthese, Gasphasenuntersuchungen und Verwendung als CVD-Precursoren.
Z. Anorg. Allg. Chem. 2005, 631, 2786–2791. [CrossRef]

14. Assim, K.; Melzer, M.; Korb, M.; Rüffer, T.; Noll, J.; Georgi, C.; Schulz, S.E.; Lang, H. Bis(β-diketonato)-
and allyl-(β-diketonato)-palladium(II) complexes: Synthesis, characterization and MOCVD application.
RSC Adv. 2016, 6, 102557–102569. [CrossRef]

15. Aaltonen, T.; Ritala, M.; Leskelä, M. ALD of rhodium thin films from Rh (acac)3 and oxygen. Electrochem. Solid
State Lett. 2005, 8, C99–C101. [CrossRef]

16. Silvennoinen, R.J.; Jylhä, O.J.T.; Lindblad, M.; Sainio, J.P.; Puurunen, R.L.; Krause, A.O.I. Atomic layer
deposition of iridium(III) acetylacetonate on alumina, silica–alumina, and silica supports. Appl. Surf. Sci.
2007, 253, 4103–4111. [CrossRef]

17. Elam, J.W.; Zinovev, A.; Han, C.Y.; Wang, H.H.; Welp, U.; Hryn, J.N.; Pellin, M.J. Atomic layer deposition of
palladium films on Al2O3 surfaces. Thin Solid Films 2006, 515, 1664–1673. [CrossRef]

18. Törndahl, T.; Ottosson, M.; Carlsson, J.-O. Copper oxide films grown by atomic layer deposition from
bis(tri-n-butylphosphane)-copper(I)acetylacetonate on Ta, TaN, Ru, and SiO2. J. Electrochem. Soc. 2006, 153,
C146–C151.

19. Päiväsaari, J.; Putkonen, M.; Niinistö, L. A comparative study on lanthanide oxide thin films grown by
atomic layer deposition. Thin Solid Film. 2005, 472, 275–281. [CrossRef]

20. Buono-Core, G.E.; Klahn, A.H.; Castillo, C.; Bustamante, M.J.; Muñoz, E.; Cabello, G.; Chornik, B. Synthesis
and evaluation of bis-β -diketonate dioxotungsten(VI) complexes as precursors for the photodeposition of
WO3 films. Polyhedron 2011, 30, 201–206. [CrossRef]

21. Pousaneh, E.; Preuß, A.; Assim, K.; Noll, J.; Jakob, A.; Rüffer, T.; Lang, H. [Y(dbm)3(H2O)]: Synthesis, thermal
behavior and spin-coating precursor for Y2O3 layer formation. J. Rare Earth 2017, 35, 1248–1254. [CrossRef]

22. Marçal, A.L.; de Faria, E.H.; de Faria Borges Machado, J.K.; Nassar, E.J.; Ciuffi, K.J.; Calefi, P.S. Preparation
and characterization of silicate nanofilms doped with europium β-diketonate complexes. Thin Solid Films
2012, 520, 6541–6546.

23. Chen, F.-F.; Bian, Z.-Q.; Lou, B.; Ma, E.; Liu, Z.-W.; Nie, D.-B.; Chen, Z.-Q.; Bian, J.; Chen, Z.-N.; Huang, C.-H.
Sensitised near-infrared emission from lanthanides using an iridium complex as a ligand in heteronuclear
Ir2Ln arrays. Dalton Trans. 2008, 5577–5583. [CrossRef]

24. Endo, A.; Tsuboya, H.; Fujita, N.; Ito, Y.; Hashimoto, T.; Hayashita, T. Preparation and electrochemical
properties of novel cyclic dinuclear acetylacetonato ruthenium complexes doubly bridged with sulfur and/or
disulfur. Inorg. Chim. Acta 2011, 373, 142–149. [CrossRef]

25. Wang, G.-L.; Lin, Y.-J.; Jin, G.-X. Anion-Templated assembly of half-sandwich rhodium-based multinuclear
metallamacrocycles. Chem. Eur. J. 2011, 17, 5578–5587. [CrossRef]

26. Forniés, J.; Martínez, F.; Navarro, R.; Urriolabeitia, E.P. Reactivity of (NBu4)[Pt(C6F5)2(acac)] toward
electrophilic metal centers: metal–metal vs. metal–cγ(acac) bond formation. Crystal structure of
[PtAg(C6F5)2(acac)(CH2Cl2)]2, a complex containing a µ2-acac-O,O′ bridging ligand and a coordinated
dichloromethane. Organometallics 1996, 15, 1813–1819.

27. Muthusamy, G.; Jayakumar, N.; Manonmani, B.; Shantha, R.; Natarajan, K. Bis-β-diketonate bridged
binuclear complexes of ruthenium(II) and rhodium(I) containing triphenylphosphine. Synth. React. Inorg.
Met.-Org. Chem. 1992, 22, 171–183. [CrossRef]

28. Frosch, W.; Back, S.; Rheinwald, G.; Koehler, K.; Pritzkow, H.; Lang, H. (η2-Alkyne)2CuMe as a synthetic tool
in the preparation of numerous inorganic and organic copper(I) species. Organometallics 2000, 19, 4016–4024.
[CrossRef]

29. Lang, H.; Leschke, M.; Melter, M.; Walfort, B.; Koehler, K.; Schulz, S.E.; Gessner, T. Ein- und zweikernige
Kupfer(I)- und Silber(I)-Phosphan-Komplexe mit β-Diketonato-Teilstrukturen. Z. Anorg. Allg. Chem. 2003,
629, 2371–2380. [CrossRef]

30. Cullen, W.R.; Rettig, S.J.; Wickenheiser, E.B. Rhodium(I) complexes of β-diketonates and related ligands as
homogeneous hydrogenation catalysts. J. Mol. Catal. 1991, 66, 251–269. [CrossRef]

31. Cullen, W.R.; Wickenheiser, E.B. Rhodium(I) complexes ofβ-diketonates and related ligands as hydrosilylation
catalysts. J. Organomet. Chem. 1989, 370, 141–154. [CrossRef]

32. Westcott, S.A. Catalysis using β-diketonato metal complexes. In Chemistry of Metal Enolates; Zabicky, J., Ed.;
John Wiley & Sons: Chichester, UK, 2009; pp. 551–579.

http://dx.doi.org/10.1002/zaac.200500143
http://dx.doi.org/10.1039/C6RA22887A
http://dx.doi.org/10.1149/1.1940507
http://dx.doi.org/10.1016/j.apsusc.2006.09.010
http://dx.doi.org/10.1016/j.tsf.2006.05.049
http://dx.doi.org/10.1016/j.tsf.2004.06.160
http://dx.doi.org/10.1016/j.poly.2010.10.007
http://dx.doi.org/10.1016/j.jre.2017.08.002
http://dx.doi.org/10.1039/b810016k
http://dx.doi.org/10.1016/j.ica.2011.04.003
http://dx.doi.org/10.1002/chem.201003167
http://dx.doi.org/10.1080/00945719208021380
http://dx.doi.org/10.1021/om000335p
http://dx.doi.org/10.1002/zaac.200300253
http://dx.doi.org/10.1016/0304-5102(91)80018-X
http://dx.doi.org/10.1016/0022-328X(89)87281-X


Molecules 2020, 25, 4476 22 of 27

33. Lozano-Gonzales, M.; Ramírez-Apan, M.T.; Nieto-Camacho, A.; Toscano, R.A.; Sanchez-Sandoval, A.L.;
Alvarez-Toledano, C. Anticarcinogenic and metal chelation properties of novel hydroxybenzylidene-1-indanone
derivatives in the U-251 glioblastoma cell line. New J. Chem. 2018, 42, 3878–3884. [CrossRef]

34. Swarts, J.C.; Vosloo, T.G.; Cronje, S.J.; du Plessis, W.C.; van Rensburg, C.E.J.; Kreft, E.; van Lier, J.E. Cytotoxicity
of a series of ferrocene-containing β-diketones. Anticancer Res. 2008, 28, 2781–2784.

35. Conradie, J.; Swarts, J.C. Relationship between electrochemical potentials and substitution reaction rates
of ferrocene-containing β-diketonato rhodium(I) complexes; cytotoxicity of [Rh(FcCOCHCOPh)(cod)].
Dalton Trans. 2011, 40, 5844–5851. [CrossRef] [PubMed]

36. du Plessis, W.C.; Vosloo, T.G.; Swarts, J.C. β-Diketones containing a ferrocenyl group: Synthesis, structural
aspects, pKa

′ values, group electronegativities and complexation with rhodium(I). J. Chem. Soc. Dalton Trans.
1998, 2507–2514. [CrossRef]

37. Buitendach, B.E.; Gągor, A.; Swarts, J.C. Electrochemical evidence of intramolecular electronic communication
in Zr and Hf phthalocyanines bearing ferrocene-containing β-diketonato axial ligands: Structure of
[PcHf(FcCOCHCOC6H5)2]. Inorg. Chem. 2013, 52, 10245–10257. [CrossRef] [PubMed]

38. Buitendach, B.E.; Erasmus, E.; Niemantsverdriet, J.W.; Swarts, J.C. Can electrochemical measurements be
used to predict x-ray photoelectron spectroscopic data? The case of ferrocenyl-β-diketonato complexes of
manganese(III). Inorg. Chem. 2018, 57, 6606–6616. [CrossRef]

39. Joubert, C.C.; van As, L.; Jakob, A.; Speck, J.M.; Lang, H.; Swarts, J.C. Intramolecular electronic communication
in ferrocene-based β-diketonato copper(II) complexes as observed by an electrochemical study. Polyhedron
2013, 55, 80–86. [CrossRef]

40. Jakob, A.; Joubert, C.C.; Rüffer, T.; Swarts, J.C.; Lang, H. Chemical and electrochemical oxidation studies on
new copper(I) ferrocenyl-functionalised β-diketonates. Inorg. Chim. Acta 2014, 411, 48–55. [CrossRef]

41. Gericke, H.J.; Muller, A.J.; Swarts, J.C. Electrochemical illumination of intramolecular communication
in ferrocene-containing tris-β-diketonato aluminum(III) complexes; cytotoxicity of Al(FcCOCHCOCF3)3.
Inorg. Chem. 2012, 51, 1552–1561. [CrossRef]

42. Makino, K.; Kim, H.S.; Kurasawa, Y. Synthesis of pyrazoles and condensed pyrazoles. J. Heterocycl. Chem.
1999, 36, 321–332. [CrossRef]

43. Kumari, S.; Paliwal, S.; Chauhan, R. Synthesis of pyrazole derivatives possessing anticancer activity: Current
status. Synth. Commun. 2014, 44, 1521–1578. [CrossRef]

44. Fustero, S.; Simón-Fuentes, A.; Sanz-Cervera, J.F. Recent advances in the synthesis of pyrazoles. Org. Prep.
Proced. Int. 2009, 41, 253–290. [CrossRef]

45. Dadiboyena, S.; Nefzi, A. Synthesis of functionalized tetrasubstituted pyrazolyl heterocycles. Eur. J.
Med. Chem. 2011, 46, 5258–5275. [CrossRef] [PubMed]

46. Chauhan, A.; Sharma, P.K.; Kaushik, N. Pyrazole: A versatile moiety. Int. J. Chem. Tech. Res. 2011, 3, 11–17.
47. Karrouchi, K.; Radi, S.; Ramli, Y.; Taoufik, J.; Mabkhot, Y.N.; Al-aizari, F.A.; Ansar, M. Synthesis and

pharmacological activities of pyrazole derivatives. Molecules 2018, 23, 134. [CrossRef] [PubMed]
48. Bekhit, A.A.; Ashour, H.M.A.; Ghany, Y.S.A.; Bekhit, A.E.-D.A.; Baraka, A. Synthesis and biological evaluation

of some thiazolyl and thiadiazolyl derivatives of 1H-pyrazole as anti-inflammatory antimicrobial agents.
Eur. J. Med. Chem. 2008, 43, 456–463. [CrossRef]

49. Khan, M.F.; Alam, M.M.; Verma, G.; Akhtar, W.; Akhtar, M.; Shaquiquzzaman, M. The therapeutic voyage of
pyrazole and its analogs. Eur. J. Med. Chem. 2016, 120, 170–201. [CrossRef]

50. Ragavan, R.V.; Vijayakumar, V.; Kumari, N.S. Synthesis and antimicrobial activities of novel 1,5-diaryl
pyrazoles. Eur. J. Med. Chem. 2010, 45, 1173–1180. [CrossRef] [PubMed]

51. Bekhit, A.A.; Abdel-Aziem, T. Design, synthesis and biological evaluation of some pyrazole derivatives as
anti-inflammatory-antimicrobial agents. Bioorg. Med. Chem. 2004, 12, 1935–1945. [CrossRef]

52. Bandgar, B.P.; Gawande, S.S.; Bodade, R.G.; Gawande, N.M.; Khobragade, C.N. Synthesis and biological
evaluation of a novel series of pyrazole chalcones as anti-inflammatory, antioxidant and antimicrobial agents.
Bioorg. Med. Chem. 2009, 17, 8168–8173. [CrossRef]

53. Riyadh, S.F.; Farghaly, T.A.; Abdallah, M.A.; Abdallah, M.M.; El-Aziz, M.R.A. New pyrazoles incorporating
pyrazolylpyrazole moiety: Synthesis, anti-HCV and antitumor activity. Eur. J. Med. Chem. 2010, 45,
1042–1050. [CrossRef]

54. Park, H.-J.; Lee, K.; Ahn, B.; Lee, J.-C.; Cho, H.; Lee, K.-I. Identification of antitumor activity of pyrazole
oxime ethers. Bioorg. Med. Chem. Lett. 2005, 15, 3307–3312. [CrossRef]

http://dx.doi.org/10.1039/C7NJ04266C
http://dx.doi.org/10.1039/c1dt00013f
http://www.ncbi.nlm.nih.gov/pubmed/21423964
http://dx.doi.org/10.1039/a802398k
http://dx.doi.org/10.1021/ic302730v
http://www.ncbi.nlm.nih.gov/pubmed/23971994
http://dx.doi.org/10.1021/acs.inorgchem.8b00745
http://dx.doi.org/10.1016/j.poly.2013.02.059
http://dx.doi.org/10.1016/j.ica.2013.11.019
http://dx.doi.org/10.1021/ic201849u
http://dx.doi.org/10.1002/jhet.5570360202
http://dx.doi.org/10.1080/00397911.2013.828757
http://dx.doi.org/10.1080/00304940903077832
http://dx.doi.org/10.1016/j.ejmech.2011.09.016
http://www.ncbi.nlm.nih.gov/pubmed/21978837
http://dx.doi.org/10.3390/molecules23010134
http://www.ncbi.nlm.nih.gov/pubmed/29329257
http://dx.doi.org/10.1016/j.ejmech.2007.03.030
http://dx.doi.org/10.1016/j.ejmech.2016.04.077
http://dx.doi.org/10.1016/j.ejmech.2009.12.042
http://www.ncbi.nlm.nih.gov/pubmed/20053480
http://dx.doi.org/10.1016/j.bmc.2004.01.037
http://dx.doi.org/10.1016/j.bmc.2009.10.035
http://dx.doi.org/10.1016/j.ejmech.2009.11.050
http://dx.doi.org/10.1016/j.bmcl.2005.03.082


Molecules 2020, 25, 4476 23 of 27
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