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Abstract: The use of iron as a replacement for noble metals in photochemical and photophysical ap-
plications is challenging due to the typically fast deactivation of short-lived catalytically active states.
Recent success of a cyclometalated iron(III) complex utilizing a bis-tridentate ligand motif inspired the
use of phenyl-1H-pyrazole as a bidentate ligand. Five complexes using the tris(1-phenylpyrazolato-
N,C2)iron(III) complex scaffold are presented. In addition to the parent complex, four derivatives
with functionalization in the meta-position of the phenyl ring are thoroughly investigated by single
crystal diffractometry, UV-Vis-spectroscopy, and cyclic voltammetry. Advanced X-ray spectroscopy
in the form of X-ray absorption and emission spectroscopy allows unique insights into the electronic
structure as well as DFT calculations. The ligand design leads to overlapping MLCT and LMCT
absorption bands, and emissive behavior is suppressed by low-lying MC states.

Keywords: photosensitizer; iron(III) complex; cyclometalation; phenyl-1H-pyrazol

1. Introduction

Noble metal complexes based on ruthenium(II) [1,2], osmium(II) [3], and iridium(III) [4,5]
show a long history of photophysical and photochemical applications due to their stability
and activity. However, the scarcity and high costs of noble metals prevent a decentral
application in water splitting or photocatalysis [6]. It may therefore be appropriate to shift the
focus towards more abundant, less expensive, and, at best, more environmentally friendly
alternatives. Iron is the dream candidate to fulfill these requirements. However, its use
in photoactive complexes requires the development of new ligand designs for catalytically
active states, since deactivation by the rapid population of inactive states usually occurs [7,8].
If this major problem can be solved, iron complexes could enable photocatalytic reactions
through high-energy states with sufficiently long lifetimes. In d6 systems, this is typically
a metal-to-ligand charge transfer (MLCT) state [9]. These are the active states in octahedral
noble metal complexes with polypyridyl-based ligands, such as [Ru(tpy)2]2+ (tpy = 2,6-Bis(2-
pyridyl)pyridine) and [Ru(bpy)3]2+ (bpy = 2,2′-bipyridinyl) [10–12]. Analogous nitrogen-
coordinated iron(II)-d6 complexes suffer from short MLCT lifetimes in the 100 fs range due to
fast relaxation into low-lying metal-centered (MC) states induced by the inherent small ligand
field splitting of 3d-metals [13,14].

Consequently, strategies in ligand design target the stabilization of photoactive long-
lived charge transfer states and the destabilization of MC states. Various attempts to achieve
this goal employ a mix of strong σ-donor and π-acceptor ligands [14]. Strong σ-donating
groups promote higher ligand field splitting by destabilization of the antibonding eg*. In
this context, N-heterocyclic carbenes (NHCs) were extensively applied due to their strong
σ-donating character [15]. Starting from the bis-tridentate prototype NHC iron(II) complex
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[Fe(pbmi)2]2+ (pbmi = 2,6-bis(imidazol-2-ylidene)pyridine), donor/acceptor properties
could be modified by the introduction of different functional groups [14,16,17]. Neverthe-
less, the MLCT lifetimes of these complexes remain below 50 ps; therefore, a breakthrough
using CˆNˆC ligands could barely be achieved [8].

In contrast, the substitution of the central pyridine in the CˆNˆC ligand scaffold by
a phenylene to obtain a CˆCˆC ligand significantly alters the properties of the resulting
complex. The cyclometalated bis-tridentate iron(III) complex [Fe(ImP)2][PF6] (HImP =
1,1′-(1,3-phenylene)bis(3-methyl-1-imidazol-2-ylidene)) exhibits dual emission from ligand-
to-metal charge transfer (2LMCT) with a lifetime of 240 ps and a 2MLCT state lifetime of
over 4 ns [18]. In general, iron(III) complexes in a low-spin 2T2-ground state and a strong
donor environment lead to the population of 2LMCT states, from which spin-allowed
luminescence occurs [19,20]. 4/6MC states could interfere in this deactivation pathway if
they are energetically favored [21,22].

Despite recent progress using bis-tridentate coordination environments, bidentate ligands
offer complexes with higher symmetry, resulting in a stronger ligand field [8,19,23]. Accord-
ingly, in Ru(II) complexes for example, a comparison of [Ru(tpy)2]2+ and [Ru(bpy)3]2+ reveals
a prolonged and much more intense luminescence at room temperature for the bipyridine
complex [24]. This is reflected in [Fe(btz)3]2+ (btz = 3,3′-dimethyl-1,1′-bis(p-tolyl)-4,4′-bis(1,2,3-
triazol-5-ylidene)), a hexa-carbene iron(II) complex with a 3MLCT lifetime of 528 ps, which is
an order of magnitude longer than the lifetime of previously discussed bis-tridentate CˆNˆC
complexes [25]. Its iron(III) congener [Fe(btz)3]3+ was the first iron complex to show the
aforementioned 2LMCT emission, with a lifetime of 100 ps [19].

Consequently, the transfer of the cyclometalation approach to bidentate ligands sug-
gests phenylpyrazole (ppz) as one possible ligand. It was already successfully employed in
iridium complexes, resulting in Ir(ppz)3 [26]. Although the base–metal complexes Co(ppz)3
and Fe(ppz)3 have also been reported, no spectroscopic analyses were conducted for the
latter [27,28]. Bridging this gap by revisiting this pristine complex and further investigating
its functionalization in the meta-position of the phenyl ring relative to the iron center with
electron-withdrawing trifluoromethyl groups and electron-donating methoxy groups, as
well as the extension of the aromatic system with phenyl and naphthalene, is the key
element of this study.

2. Results
2.1. Synthesis and Characterization

The ligands were synthesized as reported in the literature by a reaction between the
functionalized phenyl-bromide and pyrazole in a copper-catalyzed N-arylation under mild
conditions, resulting in high-yield product formation (>90%) [29,30]. The synthesis of
the complexes is based on the literature and involves the two steps of orthometalation
and transmetalation [27,28,31]. The orthometalated ligands were obtained by refluxing
the proligand with an ethylmagnesium bromide solution (EtMgBr in THF) for 24 h in
THF. FeBr2(THF)1.5 was used as the iron precursor, which was prepared in situ as de-
scribed in the literature and added to the ligand solution at −80 ◦C, thereby initiating the
transmetalation [32]. The synthesis is displayed in Figure 1 (top), exemplarily for tris(2-
phenylpyrazolato-N,C2)iron(III) (Fe(ppz)3). Functionalized derivatives are also shown in
Figure 1 (bottom).

Workup under atmospheric conditions with an aqueous ammonium chloride solution
removed bromide-containing by-products and was followed by column chromatogra-
phy. After isolation of the yellow (Fe(ppz)3, Fe(CF3ppz)3) or red (Fe(bppz)3, Fe(naphpz)3,
Fe(MeOppz)3) solids, the air- and moisture-stable products were dried under vacuum and
obtained in elemental-analysis purity, albeit in low yields (<15%). These can be explained
firstly by the disproportion mechanism leading to the product formation and secondly by
various, unstable coordination products apart from the desired complexes [26–28].
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Figure 1. (Top) Reaction pathway for the synthesis of pyrazole-based iron(III) complexes, exem-
plary for tris(1-phenylpyrazolato-N,C2′)iron(III) (Fe(ppz)3). (BoĴom) Structures of tris(1-(4-(trifluo-
romethyl)phenyl)pyrazolato-N,C²)iron(III) (Fe(CF3ppz)3), tris(1-(([1,1’-biphenyl])-4-yl)phenyl)pyra-
zolato-N,C²)iron(III) (Fe(bppz)3), tris(1-(naphthalen-2-yl)pyrazolato-N,C²)iron(III) Fe(naphpz)3, and 
tris(1-(4-methoxyphenyl)pyrazolato-N,C²)iron(III) (Fe(MeOppz)3), with their respective yields. 
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Single crystals suitable for X-ray diffraction were obtained by diffusion of cyclopen-
tane into a solution of the respective complex in DCM. The exemplary crystal structure of 
Fe(ppz)3 is shown in Figure 2 (top), and crystallographic data for the other complexes are 
summarized in the Supplementary Information. All complexes show a distorted octahe-
dral geometry with C3 symmetry. While complexes with tris-bidentate ligands in general 
allow the formation of both facial (fac) and meridional (mer) isomers, only the formation 
of fac-Fe(R-ppz)3 is observed in all complexes’ crystals [27,33,34]. This is most likely due 
to the trans effect, which leads to an enthalpically favored fac-isomer as in Co(ppz)3 and 
other bidentate iridium, zinc, and iron complexes [27,35,36]. 

Figure 1. (Top) Reaction pathway for the synthesis of pyrazole-based iron(III) com-
plexes, exemplary for tris(1-phenylpyrazolato-N,C2′ )iron(III) (Fe(ppz)3). (Bottom) Structures of
tris(1-(4-(trifluoromethyl)phenyl)pyrazolato-N,C2)iron(III) (Fe(CF3ppz)3), tris(1-(([1,1’-biphenyl])-
4-yl)phenyl)pyrazolato-N,C2)iron(III) (Fe(bppz)3), tris(1-(naphthalen-2-yl)pyrazolato-N,C2)iron(III)
Fe(naphpz)3, and tris(1-(4-methoxyphenyl)pyrazolato-N,C2)iron(III) (Fe(MeOppz)3), with their re-
spective yields.

Single crystals suitable for X-ray diffraction were obtained by diffusion of cyclopentane
into a solution of the respective complex in DCM. The exemplary crystal structure of Fe(ppz)3
is shown in Figure 2 (top), and crystallographic data for the other complexes are summarized
in the Supplementary Information. All complexes show a distorted octahedral geometry with
C3 symmetry. While complexes with tris-bidentate ligands in general allow the formation of
both facial (fac) and meridional (mer) isomers, only the formation of fac-Fe(R-ppz)3 is observed
in all complexes’ crystals [27,33,34]. This is most likely due to the trans effect, which leads to
an enthalpically favored fac-isomer as in Co(ppz)3 and other bidentate iridium, zinc, and iron
complexes [27,35,36].
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Figure 2. (Top) Single crystal structure of Fe(ppz)3, displayed with 50% probability for the aniso-
tropic displacement ellipsoids, hydrogen atoms omiĴed for clarity; (BoĴom) mer-Fe(ppz)3 and fac-
Fe(ppz)3 (with Δ- and Λ-enantiomers). 
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complexes. Yet, it was not possible to isolate and quantify the enantiomer ratios. 
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influence of the meta-substituents seems negligible. Nevertheless, the Fe-N bond length 
and chelate bite angles show slight variations in dependence of the different functional 
groups. The shortest Fe-N bonds and smallest bite angles are observed for Fe(ppz)3 
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Figure 2. (Top) Single crystal structure of Fe(ppz)3, displayed with 50% probability for the anisotropic
displacement ellipsoids, hydrogen atoms omitted for clarity; (Bottom) mer-Fe(ppz)3 and fac-Fe(ppz)3 (with
∆- and Λ-enantiomers).
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The fac-isomer allows for the formation of both ∆- and Λ-enantiomers, which were
observed in direct adjacency within one unit cell. This was present in the structures of all
complexes. Yet, it was not possible to isolate and quantify the enantiomer ratios.

Due to the racemic mixture, the three discrete phenylpyrazole-based ligands are
crystallographically inequivalent, and the corresponding Fe-N and Fe-C bond lengths were
therefore averaged. The key structural parameters are summarized in Table 1, which are in
good agreement with the results obtained from DFT calculations (Table S17).

Table 1. Crystallographic data for the investigated iron(III) complexes; averaged over all binding
distances.

Complex dØ (Fe-N) (Å) dØ (Fe-C) (Å) ^̂̂Chelate Bite Angle (◦) ^̂̂(C-Fe-N)axial (◦)

Fe(ppz)3 2.0030(15) 1.9508(13) 87.07(7) 171.54(7)
Fe(CF3ppz)3 2.0075(15) 1.9520(16) 85.88(6) 170.46(6)
Fe(MeOppz)3 2.0129(15) 1.9512(13) 94.52(5) 170.89(5)
Fe(bppz)3 2.0122(7) 1.9536(7) 91.68(1) 172.90(1)
Fe(naphpz)3 2.0134(12) 1.9530(17) 93.59(7) 169.99(7)

The Fe-C bonds of the presented complexes are about 0.05 Å shorter than the Fe-N
bonds, probably due to the stronger donor properties plus π-accepting properties of the
carbon. All bond lengths are approximately identical to those of Co(ppz)3 [27]. Within the
investigated set of compounds, the Fe-C bond lengths remain nearly identical; thus, the
influence of the meta-substituents seems negligible. Nevertheless, the Fe-N bond length and
chelate bite angles show slight variations in dependence of the different functional groups.
The shortest Fe-N bonds and smallest bite angles are observed for Fe(ppz)3 (2.0030(15) Å,
87.07(7)◦) and Fe(CF3ppz)3 (2.0075(15) Å, 85.88◦), while Fe(MeOppz)3 and Fe(naphpz)3
exhibit the longest Fe-N bonds (2.0129(15) Å and 2.0134(12) Å, respectively) and the largest
bite angles (94.52(5)◦, 93.59(7)◦). Apparently, the resonance effect of the functional groups
affects both Fe-N bond length and the chelate bite angle by altering electron density on
the coordinating nitrogen. This would explain the similar bond lengths in Fe(ppz)3 and
Fe(CF3ppz)3, since the trifluoromethyl group shows only minor resonance effects, whereas
both the methoxy and naphthyl moieties show strong resonance effects. Therefore, the
overall electron density on the ligand is increased, resulting in an elongated Fe-N bond
and a higher chelate bite angle. In Fe(bppz)3 with a bite angle of 91.68(1)◦, a rotation of
the phenyl group to reduce the angular strain results in a weaker overlap of the π orbitals.
Therefore, a less pronounced resonance effect is observed, resulting in shorter Fe-N bonds
and smaller bite angles compared to Fe(MeOppz)3 and Fe(naphpz)3. Influences due to
steric effects are possible, but unlikely in this context. They may play a role in the C-Fe-N
angle, which is largest in the unfunctionalized compound (171.54(7)◦) and smallest in
Fe(naphpz)3 (169.99(7)◦), possibly due to repulsion of the ligands with the rigid naphthyl
groups.

The presence of the +III oxidation state of iron could also be confirmed by NMR-
spectroscopy (see Supplementary Information for further details), where relatively sharp
resonances with a broad range of chemical shifts between 13.54 ppm and –75.20 ppm are
observed. Assignment of 1H- and 13C-NMR signals could be achieved by various pulse
sequences for paramagnetic compounds [37]. The chemical shifts of the complexes show
an alternating pattern of the 13C resonances for both rings equally. An influence of the
electron density distribution (Figure S56), as well as a resonance effect, cannot be excluded.
Drastic proton resonance shifts of up to –75.20 ppm are observed for the ortho-positions of
the cyclometalating phenylene, directly adjacent to the paramagnetic center. Interestingly,
strong shielding of the protons adjacent to cyclometalating functions is also observed in
diamagnetic complexes due to the proximity to the metal center and can be used as an
indicator for successful cyclometallation [38–42]. The protons on the pyrazolyl-moiety are
less affected, presumably due to the nitrogen atoms inhibiting the effects of the unpaired
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electron originating from the iron. Additionally, the pyrazole, contrary to the phenylene, is
not bound covalently to the iron center, which may also reduce the paramagnetic effects.

2.2. Cyclic Voltammetry and Optical Spectroscopy

The redox properties of the investigated complexes were investigated by cyclic voltam-
metry in MeCN (Figure 3). The measured solutions (10−3 M) of the individual compounds
contained tetrabutylammonium hexafluorophosphate ([Bu4N]PF6) in 0.1 M concentration
as an electrolyte. The values reported in the following are referenced against Fc/Fc+. The
key results are summarized in Table 2.
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Table 2. Electrochemical a and electronic b and properties of the complexes.

Complex E1/2 FeII/III

(V)
E1/2 FeIII/IV

(V)
E1/2 (Ligand)

(V)
∆ELMCT

e

(V)
λabs-max (nm)
(ε (cm−1 M−1))

Fe(ppz)3 −1.80 (rev) −0.26 (rev) 1.17 (irrev) 2.97
(418 nm)

109 (6.18)
346 (1.63)
450 (0.64) (λmax = 522) c

Fe(CF3ppz)3 −1.50 (rev) 0.07 (rev) 1.54 d (irrev)
3.04

(408 nm)

293 (2.82)
350 (0.61)
417 (0.38) (λmax = 530) c

Fe(MeOppz)3 −1.78 (rev) −0.23 (rev) 1.11 (irrev) 2.89
(429 nm)

290 (6.45)
356 (0.62)
453 (0.39) (λmax = 580) c

Fe(bppz)3 −1.73 (rev) −0.21 (rev) 1.17 (irrev) 2.90
(428 nm)

277 (2.99)
343 (0.68)
440 (0.45) (λmax = 540) c

Fe(naphpz)3 −1.68 (rev) −0.22 (rev) 1.08 (irrev) 2.76
(449 m)

284 (3.35)
362 (0.93)
442 (0.68) (λmax = 590) c

a Concentration of 10−3 M in MeCN with 0.1 M [Bu4N]PF6 as electrolyte. b Molarity of 10−5 M in BuCN. c λmax =
maximal value of absorption wavelength. d Anodic peak potential. e Calculated from the difference of E1/2(ligand)
and E1/2(FeII/III).

Three redox processes were identified in the potential window for all complexes. In
the range of−0.26 to 0.07 V, transitions are observed that can be attributed to an iron(III/IV)
redox process [18,28,43]. These values are similar to those found for the aforementioned
[Fe(ImP)2]2+ (0.08 V), a compound containing two cyclometalating moieties [18]. Function-
alization of the meta-position in the phenyl unit does not result in significant changes in the
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iron(III/IV) redox potentials relative to Fe(ppz)3, with the exception of Fe(CF3ppz)3. Here,
an anodic shift of the oxidation potential is observed, in agreement with a stabilization
of the metal-based levels by the electron-withdrawing CF3 group. The same behavior is
found for the iron(II/III) redox processes, which are observed between −1.50 and −1.80 V.

Above potentials of 1 V, irreversible ligand-based oxidation takes place. Although
these processes are irreversible, the values can be used to discuss the influence of the differ-
ent substituents on the electron density in the ppz ligand scaffold. While Fe(bppz)3 shows
the same value as Fe(ppz)3, the cathodically shifted oxidation potentials in Fe(MeOppz)3
and Fe(naphpz)3 indicate an increased electron density on the coordinating phenylene.
This is consistent with the effects observed in the crystal structures, where increased elec-
tron density leads to increased Fe-N bond lengths. Consequently, Fe(CF3ppz)3 shows
the most anodically shifted ligand oxidation. From the difference in the ligand oxidation
potential and the iron(II/III) transition, electrochemical bandwidths for an LMCT transition
can be obtained. These band gaps reflect the same trends since all complexes exceed the
band gap of [Fe(ImP)2]2+ (2.47 V) significantly. The highest ∆E values are observed for
Fe(ppz)3 (2.97 V) and Fe(CF3ppz)3 (3.04 V).

To confirm these results, UV-Vis spectra were recorded in butyronitrile (BuCN) due to
the superior stability of the complexes in this solvent (vide infra) and are shown in Figure 4.

Inorganics 2023, 10, x FOR PEER REVIEW 7 of 22 
 

 

 
Figure 4. Absorption spectra in BuCN for the investigated compounds. Inset: Enhancement of the 
330 to 550 nm absorption region. 

The spectra can be divided into three regions. In the high-energy region below 
325 nm, intense absorption bands can be observed. These are aĴributed to π–π* transi-
tions. Consequently, Fe(bppz)3 and Fe(naphpz)3 show the highest intensities due to the 
extended π-systems. 

Between 350 and 400 nm, the complexes exhibit a pronounced feature, which is the 
most intense for Fe(naphpz)3 at 362 nm. The remaining complexes show less intense, blue-
shifted signals at 346 nm for Fe(ppz)3, 350 nm for Fe(CF3ppz)3, 356 nm for Fe(MeOppz)3, 
and 343 nm for Fe(bppz)3. The origin of this absorption is presumably an MLCT [27]. 

Above 375 nm and 400 nm (for Fe(naphpz)3), all complexes exhibit a broad absorp-
tion band. DFT calculations (vide infra, Figure 5) indicate that this band is composed of 
both MLCT and LMCT transitions, with a dominating MLCT character. This is unex-
pected, as previously reported photoactive iron(III) complexes show an energetically low-
est LMCT absorption and, in general, MLCT absorption only as an exception [18–20]. 
Therefore, the ligand design of this complex is responsible for this unexpected behavior. 
The interplay of pyrazole and phenylene as donors creates π and π* orbitals, which are in 
the right energetic distance to the metal orbitals to enable the energetically lowest mixed 
MLCT/LMCT bands with a dominating MLCT character. This may also be the reason that 
these compounds do not exhibit a fluorescence as could be expected for iron(III) in this 
strong donor environment. As stated in the literature, the excited 2MLCT states may un-
dergo intersystem crossing (ISC) into a 4MLCT state, which can possibly relax into ener-
getically lower 4MC states [22]. A possible explanation is that breathing and deformation 
modes in these bidentate complexes lead to this deactivation pathway, which is not pos-
sible in the more rigid tridentate [Fe(ImP)2]+, which shows emission from both 2MLCT and 
2LMCT [18,44,45]. 
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The spectra can be divided into three regions. In the high-energy region below
325 nm, intense absorption bands can be observed. These are attributed to π–π* transitions.
Consequently, Fe(bppz)3 and Fe(naphpz)3 show the highest intensities due to the extended
π-systems.

Between 350 and 400 nm, the complexes exhibit a pronounced feature, which is the
most intense for Fe(naphpz)3 at 362 nm. The remaining complexes show less intense, blue-
shifted signals at 346 nm for Fe(ppz)3, 350 nm for Fe(CF3ppz)3, 356 nm for Fe(MeOppz)3,
and 343 nm for Fe(bppz)3. The origin of this absorption is presumably an MLCT [27].

Above 375 nm and 400 nm (for Fe(naphpz)3), all complexes exhibit a broad absorption
band. DFT calculations (vide infra, Figure 5) indicate that this band is composed of both
MLCT and LMCT transitions, with a dominating MLCT character. This is unexpected, as
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previously reported photoactive iron(III) complexes show an energetically lowest LMCT
absorption and, in general, MLCT absorption only as an exception [18–20]. Therefore, the
ligand design of this complex is responsible for this unexpected behavior. The interplay of
pyrazole and phenylene as donors creates π and π* orbitals, which are in the right energetic
distance to the metal orbitals to enable the energetically lowest mixed MLCT/LMCT bands
with a dominating MLCT character. This may also be the reason that these compounds
do not exhibit a fluorescence as could be expected for iron(III) in this strong donor envi-
ronment. As stated in the literature, the excited 2MLCT states may undergo intersystem
crossing (ISC) into a 4MLCT state, which can possibly relax into energetically lower 4MC
states [22]. A possible explanation is that breathing and deformation modes in these biden-
tate complexes lead to this deactivation pathway, which is not possible in the more rigid
tridentate [Fe(ImP)2]+, which shows emission from both 2MLCT and 2LMCT [18,44,45].
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Figure 5. (Left) Gibbs energy difference (∆G) between the fac- and mer-isomers of optimized geome-
tries computed at the DFT/PBEh-3c level of theory. (Right) TPSSh-calculated vertical transitions
for the fac-optimized structure of Fe(ppz)3 in comparison with the experimental UV-Vis spectrum.
Analysis of excited states is shown from 0 to −1. Further analysis of designated transitions a–h can
be found in the Supporting Information (Table S18).

3. Computational Calculations

The formation of fac-isomers as a single product was confirmed by the crystal structure.
This observation was further investigated by DFT calculations. For this purpose, the
Gibbs free energy (G) for the optimized structures, using the PbEh-3c composite method,
was calculated (Figure 5) [46]. For the complexes Fe(ppz)3, Fe(CF3ppz)3, Fe(bppz)3, and
Fe(naphpz)3 the fac-isomer is energetically favored by 0.5–1.5 kcal·mol−1. The higher
stability is also reported for similar complexes such as Co(ppz)3 and Ir(ppy)3 and can
be explained by the position of the phenyl groups, relative to the pyrazolyl groups, as
elaborated on above [27,36]. Surprisingly, calculations suggest a higher thermodynamic
stability for mer-Fe(MeOppz)3 despite the fact that it crystallizes in the fac-isomer. This
indicates a significant kinetic inhibition for the transformation of the kinetic product fac-
Fe(MeOppz)3 into the more stable mer-Fe(MeOppz)3. Furthermore, the calculated bond
lengths and angles of the optimized fac-isomers match the crystal structure, indicating a
good agreement between the calculation and the experimental values (Table S17). Only
the angles of the oppositely lying C-Fe-N atoms are diverging between the experiment
and the theoretical calculation, showing a better approximation of a perfect octahedral
structure which is typical for a gas-phase optimized structure in comparison to the solid
crystal structure.

To further explain the experimental findings, TD-DFT calculations with the meta-
hybrid TPSSh functional and the def2-TZVP basis set were conducted [47,48]. The energies
of the resulting frontier orbitals are shown in Figure 6. The spatial distribution can be found
in the Supporting Information (Figure S56). Since all complexes are open-shell systems
and thus the electron density of up (α) and down (β) spin is separated in the calculations,
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two sets of singly occupied orbitals in the molecular orbital schemes are obtained. Due to
the single Slater determinant in DFT as a reference function, such a multiconfigurational
character is not well described, so the results must be considered with care.
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The β HOMO energy levels show mainly metal character (Figure S56) and can be
correlated to the iron(III)/iron(IV) redox potentials. The trend of the energetic order of the
calculated HOMOs follows the experimental CV data. In particular, Fe(CF3ppz)3 shows
the most stabilized HOMO at −5.12 eV, which is in line with the highest oxidation po-
tential of 0.07 eV. For the remaining complexes, HOMO energy values with only small
deviations of −4.40 eV, −4.54 eV, −4.59 eV, and −4.62 eV are obtained for Fe(MeOppz)3,
Fe(ppz)3, Fe(naphpz)3, and Fe(bppz)3, respectively, which is in agreement with the small
deviations for the experimental potentials of −0.23 eV, −0.26 eV, −0,22 eV, and −0.21 eV,
respectively. The metal-based β LUMO can be correlated to the iron(II)/(III) redox po-
tential. Since a lower negative potential for the reduction correlates with a lower orbital
energy, Fe(CF3ppz)3 shows the lowest negative potential of −1.50 eV and, as expected,
has the lowest LUMO energy of −2.56 eV in the calculations. This is followed by slightly
increasing calculated LUMO energies of Fe(naphpz)3 (−2.17 eV), Fe(bppz)3 (−2.07 eV),
Fe(MeOppz)3 (−1.84 eV), and Fe(ppz)3 (−1.98 eV), reflecting the increasing negative po-
tentials of −1.68 eV, −1.73 eV, −1.78 eV, and −1.80 eV, respectively. In addition, the lowest
ground state (not including excited states) LMCT energies, which can be extracted from
the energy differences of the HOMO−2 β and the LUMO β (Figure 6, red arrow), can
be compared to the ∆ELMCT, calculated from CV potentials. Although the consideration
of the difference of the frontier orbitals always yields slightly higher values of 0.3–0.7 eV
than the experimental potential differences, the order for Fe(CF3ppz)3, which has the high-
est expected LMCT energy of 3.70 eV (calculated) and 3.04 eV (experimental), Fe(ppz)3
(3.67 eV/2.97 eV), Fe(bppz)3 (3.36 eV/2.90 eV), and Fe(naphpz)3 (3.19 eV/2.76 eV) remains
the same. Only Fe(MeOppz)3 (3.16 eV/2.89 eV) shows the smallest energy difference in
the calculations, while for the experimental ∆ELMCT, it shows the second smallest. To
substantiate the assignment of the optical absorption bands, the first 150 vertical transitions
(Figure S56) were calculated for the example of Fe(ppz)3 to determine the character of the
bands in the UV-Vis spectrum. The lowest energy transitions in the visible area (a, b) origi-
nate from β HOMO to β LUMO+X transitions, with both orbitals having metal character,
which is visualized in the Supporting Information (Table S18). Since the energy for the
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vertical transitions is typically slightly overestimated, these transitions may be assigned
to the shoulder at 500 nm in the experimental spectrum [49]. This is supported by the
weak oscillator strength, characteristic of dipole-forbidden MC transitions. The broad band
at about 425 nm can be assigned to both MLCT (c,d) and LMCT (d’) transitions in the
β-orbital set. This is consistent with almost equal energetic differences of the respective
orbital levels shown in Figure 6, depicting the lowest-energy MLCT and LMCT states. Only
for Fe(MeOppz)3 is the lowest LMCT energy below the MLCT energy, which explains the
slightly changed experimental UV-Vis spectrum for this complex. The signal at 350 nm can
be assigned to MLCT transitions (e, f) in the α-orbital set. For Fe(naphpz)3, the red shift
of the α MLCT band to 362 nm can be explained on the basis of the α HOMO-LUMO gap
displaying the lowest-energy MLCT. Due to its large π-system leading to energetically low
π* orbitals, the MLCT transition is significantly lower energetic in contrast to the remaining
complexes. This is also reflected in the transitions below 300 nm, which can be assigned to
ligand-centered (LC) transitions (g,h) and follow the general trend.

4. Hard X-ray Spectroscopy

The electronic structure of selected complexes was further investigated by synchrotron
X-ray spectroscopy. X-ray absorption (XAS) and X-ray emission (XES) spectroscopy are
useful methods to obtain structural and electronic information about metal complexes [50].
In the pre-edge of the X-ray absorption near edge structure (XANES) region, transitions
from the 1s to the lowest unoccupied molecular orbital (LUMO) occur in K-edge spectra.
For d5 transition metals, the LUMO usually contains high fractions of the metal d orbitals.
Since 1s→ nd transitions are dipole-forbidden, intensity increases due to ligand-mediated
hybridization with metal p-orbitals. Since the overlap depends on the geometry and
symmetry of the complex, information about these factors is obtained [51]. The prepeak also
provides information about the oxidation state by its energy. To enhance the experimental
resolution, a specified emissive final state can be detected as the signal linewidth is inversely
proportional to the lifetime of the measured final states (HERFD-XANES) [52,53]. XES
examines the relaxation processes after the photoionization described above [54,55]. Core-
to-core (CtC) XES spectra result from 3p→ 1s transitions, where information about the spin
state, the oxidation state of the metal, and the covalency of the bond between the ligand
and metal is obtained due to the 3p–3d exchange interaction. 3d→ 1s transitions are the
origin of valence-to-core (VtC) XES spectra [56].

The XANES spectra of Fe(ppz)3, Fe(CF3ppz)3, and Fe(bppz)3 shown in Figure 7a,b
look nearly identical, indicating the very similar chemical and electronic structure in all
three compounds. Due to the non-inversion symmetric character of the C3-point group,
hybridization leads to two prepeak signals at 7111 eV and 7114 eV. These two prepeaks
imply accessible empty states in the non-degenerate ligand field states. TD-DFT calculations
based on the TPSSh functional along with the def2-TZVPP basis set and the def2/J auxiliary
basis set furthermore show that the first signal at 7111 eV can be ascribed to iron dxz-orbitals
as acceptor orbitals. The second signal at 7114 eV shows the transitions to the dx2-y2/z2-
orbital set. Due to the larger number of available holes in this d-orbital set, a much higher
intensity can be observed here, indicating a low-spin state. This is also confirmed by CtC
spectra (Figure S57), showing just a small splitting between the Kb1,3 main line at around
7058 eV and the Kb’ signal at 7045 eV for the three complexes. Furthermore, the signal in
the XANES spectra does not shift for any of the complexes, confirming the same oxidation
states. In the further course, two features appear at 7120 and 7124 eV. The first signal at
7120 eV emerges mainly from transitions into the pyrazole Cp-orbitals, and the signal at
7124 eV can be related to transitions into the phenyl Cp-orbitals. While the spectra at 7120
eV overlap exactly, small differences become apparent in the further course at 7124 eV.
This can be attributed to the different substituents on the phenyl, shifting the Cp orbitals
in energy. The slight shift to higher energy follows the order Fe(CF3ppz)3 < Fe(ppz)3 <
Fe(bppz)3 and shows the electron-withdrawing and -donating effects of CF3

- and phenyl
substituents, respectively.
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The VtC spectra shown in Figure 7c,d show a similar behavior. For analysis, DFT
calculations using the TPSS functional along with the def2-TZVPP basis set and def2/J
auxiliary basis set for the RI-J approximation were used. The calculated spectra correspond
well to the experimental data. This allows the main peak at 7109 eV to be attributed to
transitions from the phenyl Cp-orbital with an admixture of Fed orbitals (~20%) in all
cases. The shoulder at 7106.5 eV can be attributed to transitions from the Np orbitals of the
pyrazole with an admixture of Fed orbitals. At lower energies, the cross-over transitions are
located. From 7101 to 7105 eV, there are transitions from the phenyl and pyrazole p-orbitals,
and around 7085 to 7100 eV, there are transitions from ligand s-orbitals.
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with main character of acceptor (b) and donor (d) orbitals accountable for the peak (calculated
transitions for Fe(bppz)3 and Fe(CF3ppz)3 can be found in the Supporting Information Figure S58).

5. Behavior under Irradiation

To explore potential applications of the investigated complexes as photoactive com-
pounds, their behavior under continuous irradiation was explored. Photodecomposition
of all complexes is observed in acetonitrile under broadband irradiation (300 W xenon
lamp, 390–800 nm) for 24 h (Figure S51). 1H-NMR measurements of the resulting prod-
ucts showed signals attributed to a ligand-based product and an NMR-silent iron species.
With assistance from mass spectroscopy (found: m/zexp = 287.1268) and additional 2D-
NMR spectra, the C-C-homocoupled ligand–dimer 2,2’-di(1H-pyrazol-1-yl)-1,1’-biphenyl
(m/ztheo = 286.1218) was identified as the main decomposition product after illumination
of Fe(ppz)3. This behavior and the respective product of the reductive elimination can be
observed for all complexes described here.

Accordingly, irradiated Fe(ppz)3 and the functionalized complexes undergo reductive
ligand elimination. The C-C-coupling mechanism (Figure 8) is presumably close to the
related Co(ppz)3 complex, which was already investigated by Thompson et al. [27].
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the future. The UV-Vis spectra had to be accordingly recorded in BuCN, and the CV was 
conducted under light exclusion. 

Finally, monitoring of the decomposition of Fe(ppz)3 at various wavelengths was an-
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Figure 8. Proposed separation mechanism after illumination of the initial Fe(ppz)3 complex towards
2,2’-di(1H-pyrazol-1-yl)1,1’biphenyl. Adapted from [27].

To determine the rate constant of the ligand-separation process, time-dependent 1H-
NMR measurements were carried out, and the dynamic signals were referenced against
TMS, exemplarily conducted for Fe(ppz)3.

Within the first 5 h of irradiation, approximately 4% of the complex disintegrated;
after 16 h, it was 15%. This means at least 85% of the complex is still intact even after 24 h
under irradiation, following a first-order reaction (Figure 9, right) and a decomposition
constant of k = −0.0144 h−1.
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Figure 9. (Left) NMR spectra after irradiation for (from bottom to top) 0, 3, 5, 10, and 16 h, referenced
against TMS; (Right) decomposition of Fe(ppz)3, time against relative concentration of the signal
at 6.21 ppm for two protons at the coupled ligand and 7.90 ppm, for three protons at the complex.
Calculation included the relative intensity, multiplied by the fracture of the protons. The linear
regression shows a slope of −0.0144 h−1 [57].

Additionally, the stability of Fe(ppz)3 under irradiation was also investigated in
different solvents by 1H-NMR spectroscopy. Measurements in acetone, DMSO, THF,
dichloromethane, methanol, benzene, toluene, chloroform, butyronitrile (BuCN), and
2-methyltetrahydrofuran (2-MeTHF) (Figure S52) showed that the complex was only
broadband-stable in the last two solvents. The reason for this behavior needs to be explored
in the future. The UV-Vis spectra had to be accordingly recorded in BuCN, and the CV was
conducted under light exclusion.

Finally, monitoring of the decomposition of Fe(ppz)3 at various wavelengths was
analyzed (Figure S53). By the installation of bandwidth filters at 320, 360, and 390 nm, as
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well as long-pass filters at 400 and 495 nm, wavelength-dependent measurements were
enabled. Decomposition only occurred for wavelengths higher than 400 nm and lower than
495 nm. Therefore, excitation into the broad band composed of β 2LMCT and β 2MLCT
transitions leads inevitably to the decomposition of the compound, whereas the 2MC
transitions do not lead to decomposition. A tentative explanation reiterates the explanation
for the absence of luminescence: Excitation of the 2MLCT state leads to ISC into the 4MLCT
state, which relaxes into a 4MC state. Due to the population of the antibonding metal-
based orbitals, the bonds of the pyrazole to the iron are elongated further or completely
dissociated, as seen in photochemically induced ligand release, allowing the coordination
of solvent molecules and possibly leading to reductive elimination [58]. This is supported
by the optimized structure of the lowest quartet state. The spin density plot of this state
(Figure S55) shows that it has a metal-centered character. In addition, a significant bond
expansion of one Fe-N bond from 2.0 Å in the 2GS to 2.4 Å in the 4MC state occurs, which
might indicate the first step of the decomposition process.

6. Conclusions

The synthesis of five different homoleptic iron(III) complexes with bidentate
phenylpyrazole-based ligands was reported in this work, with functional groups on the
4-position of the phenyl ring, such as trifluoromethyl, methoxy, phenyl, and naphthyl
groups, to compare the influence of electron-donating or -withdrawing groups on the elec-
tronic structure. All compounds were received purely as fac-isomers in low-spin iron(III)
configuration. Despite the paramagnetism, the complete NMR signal assignments and
substantiated DFT calculations could be performed.

The complexes show very low-lying oxidation potentials of −0.26 V for the parent
Fe(ppz)3, where the strong σ-donating capabilities of the phenyl moiety impact the redox
behavior drastically compared to common polypyridyl complexes. The effect of electron-
withdrawing moieties consequently shifts the potentials to 0.07 V in Fe(CF3ppz)3, whereas
the reduction potentials are more affected by electron-donating groups.

The absorption behavior, as assigned by TDDFT, is dominated by LC transitions in
the UV range, whereas two absorption bands are observed above 350 nm. The higher
energy band around 350 nm can be attributed solely to α MLCT transitions, and the broad
and featureless absorption band above 370 nm (400 nm for Fe(naphpz)3) is assigned to
a mixture of MLCT and LMCT transitions, with an MC transition as the lowest energy
shoulder. This unexpected behavior is caused by the ligand design, incorporating both
cyclometalating and pyrazole ligands, leading to isoenergetic π-E* and E-π* gaps, which
finally causes overlapping LMCT and MLCT transitions.

No emission of the complexes is observed. Instead, decomposition by reductive
elimination is caused by irradiation over a longer period in the energy range of 400–495 nm.
Therefore, an excited state relaxation following a 2MLCT → 4MLCT → 4MC cascade,
leading to the population of a non-emissive and destructive 4MC state, is most likely. There,
elongated or dissociated bonds allow for the coordination of solvent molecules and the
reductive elimination of two homocoupled ligands.

With the presented results, the first spectroscopic and theoretical characterization
of tris-bidentate iron(III) complexes is provided. The introduction of further functional
groups in different positions or exchanging the pyrazole for other donor groups would
potentially suppress reductive elimination, and photostable and photoactive compounds
may be obtained.

7. General Procedures
Complex Synthesis

The described synthetic procedure applies to all complexes.
Ligand (3 equiv) was suspended in tetrahydrofuran (THF) (10 mL) under an argon

atmosphere. Ethylmagnesium bromide (4 equiv, 0.9 M in THF) was added dropwise and
refluxed overnight. In a second flask, iron powder (12 equiv) was added to a THF solution
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of iron(II) bromide (1.5 equiv) (40 mL) and refluxed overnight. After refluxing, the flask was
cooled to room temperature, and the ligand solution was cooled in an ethanol–nitrogen bath
to −80◦C. The iron(II) bromide solution was added dropwise and slowly warmed to room
temperature. To the reaction mixture, a solution of NH4Cl (100 mL, 15 g/L) was added and
extracted with dichloromethane (DCM) (3 × 100 mL). The combined organic phases were
dried with MgSO4 and concentrated under reduced pressure. Column chromatography
with silica as solid phase and DCM as eluent was applied. The combined fractions were
concentrated under reduced pressure and crystallized with slow diffusion of cyclopentane
into the DCM-analyte solution. After removing the crystalline product and drying it at
50 ◦C under vacuum, the compound was received as an elemental-analysis pure product.

All experimental data can be found in the Supporting Information.
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NMR (176.1 MHz, CD3CN): δ = −92.7 (1C, 3-C), −74.8 (1C, 5-C), 100.2 (1C, 7-C), 117.0 (1C,
8-C), 122.9 (1C, 9-C), 239.9 (1C, 4-C), 389.1 (1C, 2-C), 396.6 (1C, 6-C) ppm. 15N-NMR (70.96
MHz, CD3CN): 70.4 ppm. (ESI in MECN): m/z 485.1160 (for C27H21FeN6 calc. 485.1177)
Elemental analysis: calc. for C27H21FeN6 C: 66.82%, H: 4.36%, N: 17.32%, found: C: 66.77%,
H: 4.56%, N: 17.25%. IR (ATR,

∼
υ [cm−1]): 3139 w, 3041 w, 1573 w, 1506 w, 1461 m, 1434 m,

1417 m, 1398 m, 1328 w, 1270 m, 1236 w, 1193 w, 1153 w, 1099 w, 1064 m, 1043 m, 1012 m,
960 m, 918 w, 871 w, 825 w, 742s, 715 m, 698 m, 661 w, 644 w, 609 m.
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Tris(1-(4-(trifluoromethyl)phenyl)pyrazolato-N,C2)iron(III)Fe(CF3ppz)3
The complex was obtained as a yellow powder (17.2%).
1H-NMR (700.0 MHz, CD3CN): δ = −75.17 (s, 1H, 2-H), −10.47 (s, 1H, 10-H), −3.39 (s, 1H,
9-H), −3.17 (s, 1H, 5-H), 0.27 (s, 1H, 6-H), 11.23 (s, 1H, 8-H) ppm. MS (ESI in MECN): m/z
689.0800 (for C30H18F9FeN6 calc. 689.0799). 13C-NMR (176.1 MHz, CD3CN): δ = −93.4 (1C,
3-C), −68.6 (1C, 6-C), 108.9 (1C, 8-C), 112.6 (1C, 9-C), 126.5 (1C, dd, 1JCF = 272.85 Hz 275.09
Hz, 4-C), 132.8 (1C, 10-C), 229.9 (1C, 5-C), 361.9 (1C, 2-C), 382.0 (1C, 7-C) ppm. 15N-NMR
(70.96 MHz, CD3CN): 84.0 ppm. 19F-NMR (659.0 MHz, CD3CN): δ = −71.5 (s, 3F) ppm.
Elemental analysis: calc. for C30H18F9FeN6: C: 52.27%, H: 2.63%, N: 12.19%, found: C:
51.90%, H: 2.81%, N: 12.12%. IR (ATR,

∼
υ [cm−1]): 3155 w, 3033 w, 2360 w, 2335 w, 1585 w,

1508 w, 1477 w, 1396 m, 1315s, 1272s, 1249 m, 1159 m, 1110s, 1066s, 1045s, 960 m, 900 m, 838 w,
821 w, 804 m, 746s, 702 m, 661 m, 607 w.



Inorganics 2023, 11, 282 14 of 21

Inorganics 2023, 10, x FOR PEER REVIEW 15 of 22 
 

 

51.90%, H: 2.81%, N: 12.12%. IR (ATR, 𝜐෤ [cm−1]): 3155 w, 3033 w, 2360 w, 2335 w, 1585 w, 
1508 w, 1477 w, 1396 m, 1315s, 1272s, 1249 m, 1159 m, 1110s, 1066s, 1045s, 960 m, 900 m, 
838 w, 821 w, 804 m, 746s, 702 m, 661 m, 607 w. 

 
Tris(1-(4-methoxyphenyl)pyrazolato-N,C²)iron(III) Fe(MeOppz)3 
The complex was obtained as a red powder (2.6%). 
1H-NMR (700 MHz, CD3CN): δ = −79.93 (s, 1H, 2-H), −10.34 (s, 1H, 10-H), −5.36 (s, 1H, 6-
H)), −5.12 (s, 1H, 5-H), −3.19 (s, 1H, 9-H), 1.44 (s, 3H, 4-H), 12.06 (s, 1H, 8-H) ppm. 13C-
NMR* (176.1 MHz, CD3CN): δ = −106.1 (1C, 156.6 Hz, 6-C), −93.0 (1C, 3-C), 49.1 (1C, 139.07 
Hz, 4-C), 103.9 (1C, 182.9 Hz, 8-C), 114.1 (1C, 191.7 Hz, 9-C) 130.1 (1C, 182.9 Hz, 10-C), 
232.4 (1C, 159.9 Hz, 5-C), 360.8 (1C, 129.6 Hz, 2-C), 403.2 (1C, 7-C) ppm. 15N-NMR (70.96 
MHz, CD3CN): 80.2 ppm. MS (ESI in MECN): m/z 575.1530 (for C30H27FeN6O3 calc. 
575.1494). 
Elemental analysis: calc. for C30H27FeN6O3: C: 62.62%, H: 4.73%, N: 14.61%, found: 
C:62.49%, H: 5.19%, N: 14.35%. IR (ATR, 𝜐෤ [cm−1]): 3122 w, 3039 w, 3006 w, 2952 w, 2931 
w, 2902 w, 2829 w, 1583 w, 1560s, 1506 w, 1469s, 1417s, 1315 m, 1276s, 1249 m, 1209s, 1174s, 
1116 m, 1031s, 958 m, 879 m, 811 w, 784s, 744s, 661 w, 621 m, 609 m. 
*not decoupled. 

 
Tris(1-(([1,1’-biphenyl])-4-yl)phenyl)pyrazolato-N,C²)iron(III) Fe(bppz)3 
The complex was obtained as a red powder (3.9%). 
1H-NMR (700 MHz, CD3CN): δ = −77.61 (1s, 1H, 2-H) −10.18 (s, 1H, 13-H), −4.64 (s, 1H, 8-
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Tris(1-(4-methoxyphenyl)pyrazolato-N,C2)iron(III) Fe(MeOppz)3
The complex was obtained as a red powder (2.6%).
1H-NMR (700 MHz, CD3CN): δ = −79.93 (s, 1H, 2-H), −10.34 (s, 1H, 10-H), −5.36 (s, 1H,
6-H)), −5.12 (s, 1H, 5-H), −3.19 (s, 1H, 9-H), 1.44 (s, 3H, 4-H), 12.06 (s, 1H, 8-H) ppm.
13C-NMR* (176.1 MHz, CD3CN): δ = −106.1 (1C, 156.6 Hz, 6-C), −93.0 (1C, 3-C), 49.1 (1C,
139.07 Hz, 4-C), 103.9 (1C, 182.9 Hz, 8-C), 114.1 (1C, 191.7 Hz, 9-C) 130.1 (1C, 182.9 Hz,
10-C), 232.4 (1C, 159.9 Hz, 5-C), 360.8 (1C, 129.6 Hz, 2-C), 403.2 (1C, 7-C) ppm. 15N-NMR
(70.96 MHz, CD3CN): 80.2 ppm. MS (ESI in MECN): m/z 575.1530 (for C30H27FeN6O3 calc.
575.1494).
Elemental analysis: calc. for C30H27FeN6O3: C: 62.62%, H: 4.73%, N: 14.61%, found:
C:62.49%, H: 5.19%, N: 14.35%. IR (ATR,

∼
υ [cm−1]): 3122 w, 3039 w, 3006 w, 2952 w, 2931 w,

2902 w, 2829 w, 1583 w, 1560s, 1506 w, 1469s, 1417s, 1315 m, 1276s, 1249 m, 1209s, 1174s,
1116 m, 1031s, 958 m, 879 m, 811 w, 784s, 744s, 661 w, 621 m, 609 m.
* not decoupled.
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(ATR, 𝜐෤ [cm−1]): 3108 w, 3056 w, 3020 w, 1598 w, 1564 w, 1502 w, 1465 m, 1400 m, 1373 w, 

Tris(1-(([1,1’-biphenyl])-4-yl)phenyl)pyrazolato-N,C2)iron(III) Fe(bppz)3
The complex was obtained as a red powder (3.9%).
1H-NMR (700 MHz, CD3CN): δ = −77.61 (1s, 1H, 2-H) −10.18 (s, 1H, 13-H), −4.64 (s, 1H,
8-H),−3.21 (s, 1H, 12-H),−1.74 (s, 1H, 9-H), 5.39 (d, 3JHH = 8.19 Hz, 2H, 5,5’-H), 5.75 (t, 3JHH
= 7.60 Hz, 2H, 6,6’-H), 7.10 (t, 3JHH = 7.14 Hz, 1H, 6-H) 11.84 (s, 1H, 11-H) ppm. 13C-NMR
(176.1 MHz, CD3CN): δ = −79.6 (1C, 152.5 Hz, 9-C), −77.9 (1C, 3-C), 105.4 (1C, 185.7 Hz,
11-C), 114.4 (1C, 62.3 Hz, 12-C), 115.3 (2C, 89.03 Hz, 5,5’-C), 123.1 (1C, 162.9 Hz, 7-C), 130.9
(2C, 160.4 Hz, 6,6’-C), 131.9 (1C, 183.3 Hz, 13-C), 154.1 (1C, 4-C), 241.4 (1C, 158.8 Hz, 8-C),
370.5 (1C, 133.9 Hz, 2-C), 396.7 (1C, 10-C) ppm. 15N-NMR (70.96 MHz, CD3CN): 71.0 ppm.
MS (ESI in MECN): m/z 713.2150 (for C45H33FeN6 calc. 713.6460). Elemental analysis: calc.
for C45H33FeN6 C: 75.74%, H: 4.66%, N: 11.78%, found: C: 71.15%, H: 4.84%, N: 10.78%. IR
(ATR,

∼
υ [cm−1]): 3108 w, 3056 w, 3020 w, 1598 w, 1564 w, 1502 w, 1465 m, 1400 m, 1373 w,

1330 w, 1261 m, 1112 w, 1064 m, 1047 m, 1016 w, 958 w, 916 w, 894 w, 808s, 757s, 734s, 694s,
663 w, 649 w, 607 w.
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10−5 M BuCN and were measured in a Hellma (Müllheim, Germany) quarĵ cuveĴe with 

Tris(1-(naphthalen-2-yl)pyrazolato-N,C2)iron(III) Fe(naphpz)3
The complex was obtained as a red powder (5.3%).
1H-NMR (700 MHz, DMSO-d6): δ = −85.19 (s, 1H, 2-H), −12.51 (s, 1H, 13-H), −1.68 (d,
3JHH = 6.3 Hz, 1H, 4-H), −1.31 (s, 1H, 12-H), 1.10 (s, 1H, 9-H), 1.25 (t, 3JHH = 7.10 Hz, 1H,
6-H), 8.12 (t, 3JHH = 6.30 Hz, 1H, 5-H), 11.15 (s, 1H, 11-H), 12.83 (d, 3JHH = 8.50 Hz, 1H,
7-H) ppm. 13C-NMR* (176.1 MHz, DMSO-d6): δ = −97.6 (1C, 3-C), −56.79 (1C, 150.66 Hz,
9-C), 80.3 (1C, 150.66 Hz, 7-C), 81.6 (1C, 160.34 Hz, 5-C), 99.4 (1C, 180.91 Hz, 12-C), 124.3
(2C, 188.74 Hz, 11-C), 126.6 (1C, 188.74 Hz, 13-C), 172.1 (2C, 157.98 Hz, 6-C), 180.5 (1C,
157.98 Hz, 4-C), 216.3 (1C, 8-C), 365.3 (1C, 2-C), 413.9 (1C, 10-C) ppm. MS (ESI in MECN):
m/z 635.1640 (for C39H27FeN6 calc. 635.1647). Elemental analysis: calc. for C39H27FeN6:
C: 73.71%, H: 4.28%, N: 13.22%, found: C: 74.29%, H: 5.10%, N: 12.42%. IR (ATR,

∼
υ [cm−1]):

3126 w, 6047 w, 2917 w, 2854 w, 1585 w, 1593 w, 1560 w, 1510 w, 1486 w, 1459 m, 1405 m,
1332 w, 1313 w, 1251 w, 1197 w, 1134 w, 1107 w, 1062 m, 1037 w, 977 w, 935 w, 889 w, 856 m,
831 w, 736s, 682 w, 651 w.
* not decoupled.

8. Materials and Methods

Synthesis of ligands and complexes was carried out under standard Schlenk conditions,
under inert and anhydrous conditions. Inert and pre-dried argon was used, and all applied
glassware was heated under vacuum und flushed with inert gas three times. Anhydrous
solvents were provided by a solvent drying plant from MBraun (MB SPS 800, München,
Germany) and purged with argon prior to use. Used chemicals for all synthesis were
commercially purchased from Fischer Scientific (Hampton, NH, USA), Merck (Rahway, NJ,
USA), Abcr (Karlsruhe, Germany), and TCI (Chennai, India) and used without further
purification. Ligand synthesis has been reported in [29,30].

8.1. NMR Spectroscopy

NMR spectra were recorded on a BRUKER Avance 700 (1H, 700.1 MHz, Billerica,
MA, USA) using deuterated solvents from Deutero (Kastellaun, Germany) without further
purification. NMR signals were referenced to residual solvent signals relative to TMS.
For the decomposition experiments a 300 W xenon lamp for irradiation was installed
in front of an NMR sample of Fe(ppz)3, exemplarily. To determine the percentage of
intact complex, it was referenced against a calibrated TMS signal with the product species
signal at 6.21 ppm, with common analytic calculations. Mass spectrometry was performed
with a quadrupole time-of-flight mass spectrometer (MS) Synapt 2G from the company
WATERS (Milford, MA, USA). Elemental analysis measurements were performed with a
Micro Cube from ELEMENTAR (Langenselbold, Germany) and were compared with the
theoretically calculated mass. A PerkinElmer (Waltham, MA, USA) Lambda 465 single-
beam spectrophotometer was used for UV-Vis spectra. Solutions had a concentration of
10−5 M BuCN and were measured in a Hellma (Müllheim, Germany) quartz cuvette with
a path length of 1 cm. For IR spectroscopy a Bruker Vertex 70, with the sample as solid
powder and the ATR technique, was applied. Cyclic voltammograms were measured with
a 10−3 M analyte and 0.1 M [n-Bu4N](PF6) concentration on a PGSTAT 101 potentiostat
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from Metrohm-Autolab (Utrecht, The Netherlands). Emission spectra were recorded on
an FLS1000 from Edinburgh Instruments (Livingston, UK) at room temperature.

8.2. Quantum Chemical Calculations

All calculations presented here were conducted with the ORCA quantum chemistry
package (version 5.0.3) [59]. Unconstrained geometry optimization was performed using
the PBEh-3c composite method [46], whereas a frequency calculation was performed and
checked for the absence of negative values to confirm a minimum structure. Optimized
structures were used as input for further calculations. Time-dependent (TD) DFT calcula-
tions for the extraction of orbital energies and the prediction of vertical transitions were
conducted using the TPSSh functional [60] together with the def2-TZVP basis set, as well as
the def2/J auxiliary basis set [61] and the RIJCOSX approximation [62] for the Hartree-Fock
component. The tight convergence criterion was imposed on all calculations, and the D4
dispersion correction [62] was always employed when not using the PBEh-3c method. The
conductor-like polarizable continuum model (CPCM) [63] for acetonitrile accounting for
solvent effects was applied. For the simulation of the XANES and VtC XES spectra, the
same settings except the CPCM model were used. For XANES, the TD-DFT approach with
the TPSSh basis set and the expanded CP(PPP) basis set [64] only for iron was applied.
VtC-XES spectra were calculated based on the DFT approach using the TPSS and CP(PPP)
functional [60]. XANES transitions were plotted with linearly increasing broadening to
higher energies, starting from 0.6 (fwhm) at the prepeak, and were shifted by 155.3 eV to
match the experimental spectrum. VtC-XES transitions were broadened by 2.5 eV (fwhm),
and all spectra were shifted by 170.6 eV. Ligand or atom projected VtC-XES spectra were
created by taking only a set of donor orbitals with significant populations of a given atom
or fragment into account. The analysis of the fractions of the molecular orbitals was based
on the Löwdin population analysis, which was extracted from the ORCA output file using
MOAnalyzer (version 1.3) and the TheoDORE package [65,66]. Spatial distributions of
orbitals were visualized using IboView (version 20150427) [67].

8.3. X-ray Absorption and Emission Spectroscopy

X-ray absorption and emission experiments were performed at beamline ID26 at the
European Synchrotron Radiation Facility (ESRF) in Grenoble [68]. The electron energy was
6.0 GeV, and the ring current varied between 180 and 200 mA. Incident energy calibration
was performed using a Fe foil. For K-edge measurements, the solid samples were prepared
as wafers using degassed cellulose as a binder to avoid self-absorption effects. The XANES
spectra were monitored using a photodiode installed at about a 90◦ scattering angle and
at 45◦ to the sample surface. To exclude radiation damage, fast measurements over the
prepeak were carried out under the measurement conditions (attenuated beam, cryostat
to cool the sample to 80 K). No signs of radiation damage could be detected. VtC-XES
spectra were recorded at an excitation energy of 7300 eV measured with a Johann-type
spectrometer [69].

8.4. Single-Crystal X-ray Diffraction

The presented X-ray single-crystal data were collected on a Bruker Venture D8 three-
cycle diffractometer equipped with a Mo Kα µ-source (λ = 0.71073 Å). Monochromatization
of the radiation was obtained using Incoatec (Geesthacht, Germany) multilayer Montel
optics, and a Photon III area detector was used for data acquisition. All crystals were kept
at 120 K during measurement.

Data processing was carried out using the Bruker APEX 4 software package: This
includes SAINT for data integration and SADABS for multi-scan absorption correction.
Structure solution was obtained by direct methods, and the refinement of the structures
using the full-matrix least squares method based on F2 was achieved in SHELX [70,71].
All non-hydrogen atoms were refined anisotropically, and the hydrogen atom positions
were refined at idealized positions riding on the carbon atoms with isotropic displacement
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parameters Uiso(H) = 1.2 Ueq(C) and 1.5 Ueq(-CH3) and C-H bond lengths of 0.93–0.96 Å.
All CH3 hydrogen atoms were allowed to rotate but not to tip.

Crystallographic data were deposited at the Cambridge Crystallographic Data Centre
and assigned the deposition numbers 2191100-2191104. Copies are available free of charge
via www.ccdc.cam.ac.uk, accessed on 1 January 2020.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/inorganics11070282/s1, Figure S1: 1H-NMR spectrum
of complex Fe(ppz)3 in CD3CN; Figure S2: 13C-NMR spectrum of complex Fe(ppz)3 in CD3CN;
Figure S3: 15N-HMBC spectrum of Fe(ppz)3 in CD3CN, second signal is the folded signal of non-
deuterated solvent CH3CN; Figure S4: ESI-MS spectrum of complex Fe(ppz)3 in CH3CN; Figure S5:
Complete cyclovoltammetry spectra for complex Fe(ppz)3 in CH3CN; Figure S6: Plotted data of
Randles-Sevcik-Equation Fe(ppz)3 at different scan rates, first redox step; Figure S7: Plotted data
of Randles-Sevcik-Equation Fe(ppz)3 at different scan rates, second redox step; Figure S8: Plotted
data of Randles-Sevcik-Equation Fe(ppz)3 at different scan rates, third redox step; Figure S9: ATR-IR
spectrum for complex Fe(ppz)3; Figure S10: Change in the absorptive behaviour of Fe(ppz)3 with an
applied potential of 0.5–2 V in CH3CN; Figure S11: Change in the absorptive behaviour of Fe(ppz)3
with an applied potential of −0.5 V in CH3CN; Figure S12: Change in the absorptive behaviour
of Fe(ppz)3 with an applied potential of −2.0–2.5 V in CH3CN; Figure S13: 1H-NMR spectrum of
complex Fe(bppz)3 in CD3CN; Figure S14: 13C-NMR spectrum of complex Fe(bppz)3 in CD3CN;
Figure S15: 15N-HMBC spectrum of Fe(bppz)3 in CD3CN; Figure S16: ESI-MS spectrum of complex
Fe(bppz)3 in CH3CN; Figure S17: Cyclovoltammetry spectra of Fe(bppz)3 in CH3CN; Figure S18:
Plotted data of Randles-Sevcik-Equation Fe(bppz)3 at different scan rates, first redox step; Figure
S19: Plotted data of Randles-Sevcik-Equation Fe(bppz)3 at different scan rates, second redox step;
Figure S20: Plotted data of Randles-Sevcik-Equation Fe(bppz)3 at different scan rates, third redox
step; Figure S21: ATR-IR- spectrum of complex Fe(bppz)3; Figure S22:1H-NMR spectra of com-
plex Fe(CF3ppz)3 in CD3CN; Figure S23: 13C-NMR spectra of complex Fe(CF3ppz)3 in CD3CN;
Figure S24: 15N-HMBC spectrum of the complex Fe(CF3ppz)3 in CD3CN; Figure S25: 19F-HMBC
spectrum of the complex Fe(CF3ppz)3 in CD3CN; Figure S26: ESI-MS of complex Fe(CF3ppz)3 in
CH3CN; Figure S27: Cyclovoltammetry spectra of Fe(CF3ppz)3 in CH3CN; Figure S28: Plotted data
of Randles-Sevcik-Equation Fe(CF3ppz)3 at different scan rates, first redox step; Figure 29: Plotted
data of Randles-Sevcik-Equation Fe(CF3ppz)3 at different scan rates, first redox step; Figure S30:
ATR-IR-spectrum of complex Fe(CF3ppz)3; Figure S31: 1H-NMR spectrum of complex Fe(naphpz)3 in
DMSO-d6; Figure S32: 13C-NMR spectrum of complex Fe(naphpz)3 in DMSO-d6; Figure S33: ESI-MS
spectrum of complex Fe(naphpz)3 in CH3CN; Figure S34: Cyclovoltammetry spectra of complex
Fe(naphpz)3 in CH3CN; Figure S35: Plotted data of Randles-Sevcik-Equation Fe(naphpz)3 at different
scan rates, first redox step; Figure S36: Plotted data of Randles-Sevcik-Equation Fe(naphpz)3 at differ-
ent scan rates, second redox step; Figure S37: Plotted data of Randles-Sevcik-Equation Fe(naphpz)3
at different scan rates, first redox step; Figure S38: ATR-IR-spectrum of complex Fe(naphpz)3 in
CH3CN; Figure S39: Change in the absorptive behaviour of (Fe(naphpz)3 with an applied potential
of 0.8–2 V in CH3CN; Figure S40: Change in the absorptive behaviour of (Fe(naphpz)3 with an
applied potential of −0.5–(−1.5) V in CH3CN; Figure S41: Change in the absorptive behaviour of
(Fe(naphpz)3 with an applied potential of −2.5 V in CH3CN; Figure S42: 1H-NMR spectrum of
complex Fe(MeOppz)3 in CD3CN; Figure S43: 13C-NMR spectrum of complex Fe(MeOppz)3 in
CD3CN; Figure S44: 15N-HMBC spectrum of Fe(MeOppz)3 in CD3CN; Figure S45: ESI-MS spectrum
of complex Fe(MeOppz)3 in CH3CN; Figure S46: Cyclovoltammetry spectra of complex Fe(MeOppz)3
in CH3CN; Figure S47: Plotted data of Randles-Sevcik-Equation Fe(MeOppz)3 at different scan rates,
first redox step; Figure S48: Plotted data of Randles-Sevcik-Equation Fe(MeOppz)3 at different scan
rates, second redox step; Figure S49: Plotted data of Randles-Sevcik-Equation Fe(MeOppz)3 at differ-
ent scan rates, third redox step; Figure S50: ATR-IR spectrum of complex Fe(MeOppz)3; Figure S51:
Experiments on complex stability in acetonitrile solution: before illumination of Fe(ppz)3 (blue),
after illumination of 24 h: Fe(ppz)3 (red), Fe(CF3ppz)3 (green), Fe(MeOppz)3 (purple), Fe(bppz)3
(yellow), Fe)naphpz)3 (orange, pure solubility decreases signal intensity); Figure S52: Experiments on
complex stability exemplarily for Fe(ppz)3, bottom blue: before illumination in toluene (blue), from
there upwards after illumination: toluene (red), THF (green), DMSO (pruple), DCM (yellow), BuCN
(orange), benzene (grey), acetone (red), 2Me-THF (blue); Figure S53: Decomposition of Fe(ppz)3,
with different filters. Blue: before irradiation; red: 320 nm bandwidth filter, green: 360 nm band-
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width filter, purple: 390 bandwidth filter; yellow: 400 longpass filter, orang: 495 longpassfilter. At
7.90 ppm complex signal, additional diamagnetic species in yellow spectra is the product of the
reductive elimination; Figure S54: Calculated slope of the decomposition of Fe(ppz)3, based on the
relative intensities of TMS, the product of the reductive illumination at 6.21 ppm and the complex
resonance at 7.90 ppm; Figure S55: PBEh-3c optimized lowest quartet state of fac-Fe(ppz)3. Left:
Spin density plot. Right: Depicted Fe-ligand bond lengths; Figure S56: TPSSh/def2-TZVP calculated
spatial distribution of the frontier orbitals of the respective complexes; Figure S57: Experimental CtC
spectra of Fe(ppz)3, Fe(bppz)3, Fe(CF3ppz)3 with different substituents; Figure S58: Comparison
of experimental and calculated XANES (a,b) and VtC (c,d) spectra with main character of acceptor
(a,b) and donor (c,d) orbitals orbital components for Pyrazol (Py) and Phenyl (Ph) accountable for
the peak. Table S1: Cyclovoltammetry data for Fe(ppz)3 at different scan rates, first redox step;
Table S2: Cyclovoltammetry data for Fe(ppz)3 at different scan rates, second redox step: Table S3:
Cyclovoltammetry data for Fe(ppz)3 at different scan rates, third redox step; Table S4: Cyclovoltam-
metry data for Fe(bppz)3 at different scan rates, first redox step; Table S5: Cyclovoltammetry data for
Fe(bppz)3 at different scan rates, second redox step; Table S6: Cyclovoltammetry data for Fe(bppz)3
at different scan rates, third redox step; Table S7: Cyclovoltammetry data for Fe(CF3ppz)3 at different
scan rates, first redox step; Table S8: Cyclovoltammetry data for Fe(CF3ppz)3 at different scan rates,
second redox step; Table S9: Cyclovoltammetry data for Fe(naphpz)3 at different scan rates, first
redox step; Table S10: Cyclovoltammetry data for Fe(naphpz)3 at different scan rates, second redox
step; Table S11: Cyclovoltammetry data for Fe(naphpz)3 at different scan rates, second redox step;
Table S12: Cyclovoltammetry data for Fe(MeOppz)3 at different scan rates, first redox step; Table S13:
Cyclovoltammetry data for Fe(MeOppz)3 at different scan rates, second redox step; Table S14: Cyclo-
voltammetry data for Fe(MeOppz)3 at different scan rates, second redox step; Table S15: Differential
Gibbs free energy of PbEh-3c optimized structures excluding and including the SMD model for
MeCN and BuCN implemented in ORCA. Negative values account for higher stability; Table S16:
Absolute an differential Gibbs free energy of PbEh-3c optimized structures of fac- and mer- isomers;
Table S17: Comparison of the bond length and binding angles for the single crystal structure analysis
and PBEh-3c geometry optimized fac-complexes. Table S18: Analysis of the main acceptor and
donor orbital contribution to the TD-DFT calculated vertical transitions (Figure 5) of fac-Fe(ppz)3.
The lettering of the transitions a-h refers to the assigned transitions in Figure 5. Additionally, the
calculated wavelength λ and oscillator strength f is given for the selected transitions. Figures S1–S50
and Tables S1–S14: Summarized data for complex analysis, including NMR-, IR, MS-spectra, as well
as the complete CV data including reversibility determination after Randles-Sevcik; Figures S51–S54:
NMR-spectra and caculations of the illumination experiments; Figures S55–S58 and Tables S15–S17:
Computational data.

Author Contributions: Methodology, synthesis, writing—original draft preparation, T.H.; DFT
calculations, writing, L.F.; supporting synthesis, F.L.; writing—review, J.S.; single-crystal measure-
ments and analyses, R.S.; spectroelectrochemistry measurements, A.N.; NMR measurements, H.E.;
writing—review and editing, M.B. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the German Research Council (Deutsche Forschungsgemein-
schaft DFG), in the frame of priority program SPP 2102, grant number BA 4467/7-1 and BA 4467/7-2.

Data Availability Statement: Crystallographic data have been deposited at the Cambridge Crystal-
lographic Data Centre and assigned the deposition numbers 2191100-2191104. Copies are available
free of charge via www.ccdc.cam.ac.uk, accessed on 1 January 2020.

Acknowledgments: The European Synchrotron Radiation Facility (ESRF) and the beamline ID26 are
acknowledged for the provision of beamtime and help during the experiment. Generous grants of
computer time at the Paderborn Center for Parallel Computing PC2 are gratefully acknowledged. L.F.
thanks the chemical industry fund (“Fonds der Chemischen Industrie”) for a Kekulé PhD scholarship.

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

www.ccdc.cam.ac.uk


Inorganics 2023, 11, 282 19 of 21

References
1. Balzani, V.; Campagna, S. Photochemistry and Photophysics of Coordination Compounds I; Springer: Berlin/Heidelberg, Germany,

2007; Volume 280. [CrossRef]
2. Prier, C.K.; Rankic, D.A.; MacMillan, D.W.C. Visible light photoredox catalysis with transition metal complexes: Applications in

organic synthesis. Chem. Rev. 2013, 113, 5322–5363. [CrossRef] [PubMed]
3. Wenger, O.S. Long-range electron transfer in artificial systems with d6 and d8 metal photosensitizers. Coord. Chem. Rev. 2009, 253,

1439–1457. [CrossRef]
4. Goldsmith, J.I.; Hudson, W.R.; Lowry, M.S.; Anderson, T.H.; Bernhard, S. Discovery and high-throughput screening of heteroleptic

iridium complexes for photoinduced hydrogen production. J. Am. Chem. Soc. 2005, 127, 7502–7510. [CrossRef]
5. Day, J.I.; Teegardin, K.; Weaver, J.; Chan, J. Advances in Photocatalysis: A Microreview of Visible Light Mediated Ruthenium and

Iridium Catalyzed Organic Transformations. Org. Process Res. Dev. 2016, 20, 1156–1163. [CrossRef]
6. Corredor, J.; Rivero, M.J.; Rangel, C.M.; Gloaguen, F.; Ortiz, I. Comprehensive review and future perspectives on the photocatalytic

hydrogen production. J. Chem. Technol. Biot. 2019, 94, 3049–3063. [CrossRef]
7. Wenger, O.S. Is Iron the New Ruthenium? Chem. Eur. J. 2019, 25, 6043–6052. [CrossRef] [PubMed]
8. Dierks, P.; Vukadinovic, Y.; Bauer, M. Photoactive iron complexes: More sustainable, but still a challenge. Inorg. Chem. Front. 2022,

9, 206–220. [CrossRef]
9. Cannizzo, A.; Milne, C.J.; Consani, C.; Gawelda, W.; Bressler, C.; van Mourik, F.; Chergui, M. Light-induced spin crossover in

Fe(II)-based complexes: The full photocycle unraveled by ultrafast optical and X-ray spectroscopies. Coord. Chem. Rev. 2010, 254,
2677–2686. [CrossRef]

10. Sauvage, J.-P.; Collin, J.-P.; Chambron, J.-C.; Gullirez, S.; Coudret, C.; Balzani, V.; Barigelletti, F.; de Cola, L.; Flamigni, L.
ChemInform Abstract: Ruthenium(II) and Osmium(II) Bis(terpyridine) Complexes in Covalently- Linked Multicomponent
Systems: Synthesis, Electrochemical Behavior, Absorption Spectra, and Photochemical and Photophysical Properties. Chem. Rev.
1994, 25, 993–1019. [CrossRef]

11. Damrauer, N.H.; Cerullo, G.; Yeh, A.; Boussie, T.R.; Shank, C.V.; McCusker, J.K. Femtosecond Dynamics of Excited-State Evolution
in. Science 1997, 275, 54–57. [CrossRef]

12. Jakubikova, E.; Chen, W.; Dattelbaum, D.M.; Rein, F.N.; Rocha, R.C.; Martin, R.L.; Batista, E.R. Electronic Structure and
Spectroscopy of [Ru(tpy)2]2+, [Ru(tpy)(bpy)(H2O)]2+, and [Ru(tpy)(bpy)(Cl)]+. Inorg. Chem. 2009, 48, 10720–10725. [CrossRef]
[PubMed]

13. McCusker, J.K. Electronic structure in the transition metal block and its implications for light harvesting. Science 2019, 363,
484–488. [CrossRef] [PubMed]

14. Liu, Y.; Persson, P.; Sundström, V.; Wärnmark, K. Fe N-Heterocyclic Carbene Complexes as Promising Photosensitizers. Acc.
Chem. Res. 2016, 49, 1477–1485. [CrossRef]

15. Kaufhold, S.; Wärnmark, K. Design and Synthesis of Photoactive Iron N-Heterocyclic Carbene Complexes. Catalysts 2020, 10, 132.
[CrossRef]

16. Liu, Y.; Harlang, T.; Canton, S.E.; Chábera, P.; Suárez-Alcántara, K.; Fleckhaus, A.; Vithanage, D.A.; Göransson, E.; Corani, A.;
Lomoth, R.; et al. Towards longer-lived metal-to-ligand charge transfer states of iron(II) complexes: An N-heterocyclic carbene
approach. Chem. Comm. 2013, 49, 6412–6414. [CrossRef] [PubMed]

17. Lindh, L.; Chábera, P.; Rosemann, N.W.; Uhlig, J.; Wärnmark, K.; Yartsev, A.; Sundström, V.; Persson, P. Photophysics and
Photochemistry of Iron Carbene Complexes for Solar Energy Conversion and Photocatalysis. Catalysts 2020, 10, 315. [CrossRef]

18. Steube, J.; Kruse, A.; Bokareva, O.S.; Reuter, T.; Demeshko, S.; Schoch, R.; Argüello Cordero, M.A.; Krishna, A.; Hohloch, S.;
Meyer, F.; et al. Janus-type emission from a cyclometalated iron(III) complex. Nat. Chem. 2023, 15, 468–474. [CrossRef]

19. Chábera, P.; Liu, Y.; Prakash, O.; Thyrhaug, E.; Nahhas, A.E.; Honarfar, A.; Essén, S.; Fredin, L.A.; Harlang, T.C.B.; Kjær, K.S.; et al.
A low-spin Fe(III) complex with 100-ps ligand-to-metal charge transfer photoluminescence. Nature 2017, 543, 695–699. [CrossRef]

20. Kjær, K.S.; Kaul, N.; Prakash, O.; Chábera, P.; Rosemann, N.W.; Honarfar, A.; Gordivska, O.; Fredin, L.A.; Bergquist, K.-E.;
Häggström, L.; et al. Luminescence and reactivity of a charge-transfer excited iron complex with nanosecond lifetime. Science
2019, 363, 249–253. [CrossRef]

21. Koeberl, C.; Young, E.R.; Oldacre, A. Iron hits the mark. Science 2019, 363, 224–225. [CrossRef]
22. Chábera, P.; Lindh, L.; Rosemann, N.W.; Prakash, O.; Uhlig, J.; Yartsev, A.; Wärnmark, K.; Sundström, V.; Persson, P. Photo-

functionality of iron(III) N-heterocyclic carbenes and related d transition metal complexes. Coord. Chem. Rev. 2021, 426, 213517.
[CrossRef]

23. Liu, Y.; Kjaer, K.S.; Fredin, L.A.; Chábera, P.; Harlang, T.; Canton, S.E.; Lidin, S.; Zhang, J.; Lomoth, R.; Bergquist, K.-E.; et al. A
heteroleptic ferrous complex with mesoionic bis(1,2,3-triazol-5-ylidene) ligands: Taming the MLCT excited state of iron(II). Chem.
Eur. J. 2015, 21, 3628–3639. [CrossRef] [PubMed]

24. Medlycott, E.A.; Hanan, G.S. Designing tridentate ligands for ruthenium(II) complexes with prolonged room temperature
luminescence lifetimes. Chem. Soc. Rev. 2005, 34, 133–142. [CrossRef] [PubMed]

25. Chábera, P.; Kjaer, K.S.; Prakash, O.; Honarfar, A.; Liu, Y.; Fredin, L.A.; Harlang, T.C.B.; Lidin, S.; Uhlig, J.; Sundström, V.; et al.
FeII Hexa N-Heterocyclic Carbene Complex with a 528 ps Metal-to-Ligand Charge-Transfer Excited-State Lifetime. J. Phys. Chem.
Lett. 2018, 9, 459–463. [CrossRef]

https://doi.org/10.1007/978-3-540-73347-8
https://doi.org/10.1021/cr300503r
https://www.ncbi.nlm.nih.gov/pubmed/23509883
https://doi.org/10.1016/j.ccr.2008.10.010
https://doi.org/10.1021/ja0427101
https://doi.org/10.1021/acs.oprd.6b00101
https://doi.org/10.1002/jctb.6123
https://doi.org/10.1002/chem.201806148
https://www.ncbi.nlm.nih.gov/pubmed/30615242
https://doi.org/10.1039/D1QI01112J
https://doi.org/10.1016/j.ccr.2009.12.007
https://doi.org/10.1021/cr00028a006
https://doi.org/10.1126/science.275.5296.54
https://doi.org/10.1021/ic901477m
https://www.ncbi.nlm.nih.gov/pubmed/19842666
https://doi.org/10.1126/science.aav9104
https://www.ncbi.nlm.nih.gov/pubmed/30705184
https://doi.org/10.1021/acs.accounts.6b00186
https://doi.org/10.3390/catal10010132
https://doi.org/10.1039/c3cc43833c
https://www.ncbi.nlm.nih.gov/pubmed/23752944
https://doi.org/10.3390/catal10030315
https://doi.org/10.1038/s41557-023-01137-w
https://doi.org/10.1038/nature21430
https://doi.org/10.1126/science.aau7160
https://doi.org/10.1126/science.aav8480
https://doi.org/10.1016/j.ccr.2020.213517
https://doi.org/10.1002/chem.201405184
https://www.ncbi.nlm.nih.gov/pubmed/25504660
https://doi.org/10.1039/b316486c
https://www.ncbi.nlm.nih.gov/pubmed/15672177
https://doi.org/10.1021/acs.jpclett.7b02962


Inorganics 2023, 11, 282 20 of 21

26. Nam, E.J.; Kim, J.H.; Kim, B.-O.; Kim, S.M.; Park, N.G.; Kim, Y.S.; Kim, Y.K.; Ha, Y. A Synthesis and Luminescence Study of
Ir(ppz)3 for Organic Light-Emitting Devices. Bull. Chem. Soc. Jpn. 2004, 77, 751–755. [CrossRef]

27. Ren, X.; Alleyne, B.D.; Djurovich, P.I.; Adachi, C.; Tsyba, I.; Bau, R.; Thompson, M.E. Organometallic complexes as hole-
transporting materials in organic light-emitting diodes. Inorg. Chem. 2004, 43, 1697–1707. [CrossRef] [PubMed]

28. Drevs, H. Elektronenvariable σ-Organochelatkomplexe: Pyrazolylphenylkomplexe des Eisen(II), Eisen(III) und Eisen(IV). Z.
Chem. 1979, 19, 31–32. [CrossRef]

29. Cristau, H.-J.; Cellier, P.P.; Spindler, J.-F.; Taillefer, M. Mild Conditions for Copper-Catalysed N-Arylation of Pyrazoles. Eur. J. Org.
Chem. 2004, 2004, 695–709. [CrossRef]

30. Cristau, H.-J.; Cellier, P.P.; Spindler, J.-F.; Taillefer, M. Highly efficient and mild copper-catalyzed N- and C-arylations with aryl
bromides and iodides. Chem. Eur. J. 2004, 10, 5607–5622. [CrossRef]

31. Marxer, A.; Siegrist, M. Über die Umsetzung von 1-Phenylpyrazol mit Äthylmagnesiumbromid. 8. Mitteilung über Grignard-
Reaktionen [1]//Über die Umsetzung von 1-Phenylpyrazol mit Äthylmagnesiumbromid. Helv. Chim. Acta 1974, 57, 1988–2000.
[CrossRef]

32. Cotton, F.; Luck, R.L.; Son, K.-A. New polynuclear compounds of iron(II) chloride with oxygen donor ligands Part I. Fe4Cl8(THF)6:
Synthesis and a single crystal X-ray structure determination. Inorg. Chim. Acta 1991, 179, 11–15. [CrossRef]

33. Tsuchiya, K.; Ito, E.; Yagai, S.; Kitamura, A.; Karatsu, T. Chirality in the Photochemical mer→fac Geometrical Isomerization of
Tris(1-phenylpyrazolato,N,C2′)iridium(III). Eur. J. Inorg. Chem. 2009, 2009, 2104–2109. [CrossRef]

34. Francés-Monerris, A.; Gros, P.C.; Assfeld, X.; Monari, A.; Pastore, M. Toward luminescent iron complexes: Unraveling the
photophysics by computing potential energy surfaces. ChemPhotoChem 2019, 3, 666–683. [CrossRef]

35. Deorukhkar, N.; Besnard, C.; Guénée, L.; Piguet, C. Tuning spin-crossover transition temperatures in non-symmetrical homoleptic
meridional/facial [Fe(didentate)3]2+ complexes: What for and who cares about it? Dalton Trans. 2021, 50, 1206–1223. [CrossRef]

36. Tamayo, A.B.; Alleyne, B.D.; Djurovich, P.I.; Lamansky, S.; Tsyba, I.; Ho, N.N.; Bau, R.; Thompson, M.E. Synthesis and
characterization of facial and meridional tris-cyclometalated iridium(III) complexes. J. Am. Chem. Soc. 2003, 125, 7377–7387.
[CrossRef]

37. Lehr, M.; Paschelke, T.; Trumpf, E.; Vogt, A.-M.; Näther, C.; Sönnichsen, F.D.; McConnell, A.J. A Paramagnetic NMR Spectroscopy
Toolbox for the Characterisation of Paramagnetic/Spin-Crossover Coordination Complexes and Metal-Organic Cages. Chem.
Angew. Chem. Int. Ed. 2020, 59, 19344–19351. [CrossRef]

38. Bomben, P.G.; Robson, K.C.D.; Sedach, P.A.; Berlinguette, C.P. On the viability of cyclometalated Ru(II) complexes for light-
harvesting applications. Inorg. Chem. 2009, 48, 9631–9643. [CrossRef]

39. Kaneko, R.; Wu, G.; Sugawa, K.; Otsuki, J.; Islam, A.; Han, L.; Bedja, I.; Gupta, R.K. Cyclometalated ruthenium complexes with
6-(ortho-methoxyphenyl)-2,2′-bipyridine as panchromatic dyes for dye-sensitized solar cells. J. Organomet. Chem. 2017, 833, 61–70.
[CrossRef]

40. Kisserwan, H.; Kamar, A.; Shoker, T.; Ghaddar, T.H. Photophysical properties of new cyclometalated ruthenium complexes and
their use in dye sensitized solar cells. Dalton Trans. 2012, 41, 10643–10651. [CrossRef]

41. Motley, T.C.; Troian-Gautier, L.; Brennaman, M.K.; Meyer, G.J. Excited-State Decay Pathways of Tris(bidentate) Cyclometalated
Ruthenium(II) Compounds. Inorg. Chem. 2017, 56, 13579–13592. [CrossRef]

42. Steube, J.; Burkhardt, L.; Päpcke, A.; Moll, J.; Zimmer, P.; Schoch, R.; Wölper, C.; Heinze, K.; Lochbrunner, S.; Bauer, M.
Excited-State Kinetics of an Air-Stable Cyclometalated Iron(II) Complex. Chem. Eur. J. 2019, 25, 11826–11830. [CrossRef] [PubMed]

43. Prakash, O.; Chábera, P.; Rosemann, N.W.; Huang, P.; Häggström, L.; Ericsson, T.; Strand, D.; Persson, P.; Bendix, J.; Lomoth, R.;
et al. A Stable Homoleptic Organometallic Iron(IV) Complex. Chemistry 2020, 26, 12728–12732. [CrossRef] [PubMed]

44. Ashley, D.C.; Jakubikova, E. Ray-Dutt and Bailar Twists in Fe(II)-Tris(2,2’-bipyridine): Spin States, Sterics, and Fe-N Bond
Strengths. Inorg. Chem. 2018, 57, 5585–5596. [CrossRef] [PubMed]

45. Paulus, B.C.; Adelman, S.L.; Jamula, L.L.; McCusker, J.K. Leveraging excited-state coherence for synthetic control of ultrafast
dynamics. Nature 2020, 582, 214–218. [CrossRef]

46. Grimme, S.; Brandenburg, J.G.; Bannwarth, C.; Hansen, A. Consistent structures and interactions by density functional theory
with small atomic orbital basis sets. Chem. Phys. 2015, 143, 54107. [CrossRef]

47. Tao, J.; Perdew, J.P.; Staroverov, V.N.; Scuseria, G.E. Climbing the density functional ladder: Nonempirical meta-generalized
gradient approximation designed for molecules and solids. Phys. Rev. Lett. 2003, 91, 146401. [CrossRef]

48. Weigend, F. Accurate Coulomb-fitting basis sets for H to Rn. Phys. Chem. Chem. Phys. 2006, 8, 1057–1065. [CrossRef]
49. Shoaf, A.L.; Bayse, C.A. TD-DFT and structural investigation of natural photosensitive phenanthroperylene quinone derivatives.

New J. Chem. 2016, 40, 413–422. [CrossRef]
50. Atkins, A.J.; Bauer, M.; Jacob, C.R. The chemical sensitivity of X-ray spectroscopy: High energy resolution XANES versus X-ray

emission spectroscopy of substituted ferrocenes. Phys. Chem. Chem. Phys. 2013, 15, 8095–8105. [CrossRef]
51. Burkhardt, L.; Holzwarth, M.; Plietker, B.; Bauer, M. Detection and Characterization of Hydride Ligands in Iron Complexes

by High-Resolution Hard X-ray Spectroscopy and Implications for Catalytic Processes. Inorg. Chem. 2017, 56, 13300–13310.
[CrossRef]

52. Atkins, A.J.; Jacob, C.R.; Bauer, M. Probing the electronic structure of substituted ferrocenes with high-resolution XANES
spectroscopy. Chem. Eur. J. 2012, 18, 7021–7025. [CrossRef] [PubMed]

https://doi.org/10.1246/bcsj.77.751
https://doi.org/10.1021/ic035183f
https://www.ncbi.nlm.nih.gov/pubmed/14989662
https://doi.org/10.1002/zfch.19790190116
https://doi.org/10.1002/ejoc.200300709
https://doi.org/10.1002/chem.200400582
https://doi.org/10.1002/hlca.19740570711
https://doi.org/10.1016/S0020-1693(00)85366-9
https://doi.org/10.1002/ejic.200801254
https://doi.org/10.1002/cptc.201900100
https://doi.org/10.1039/D0DT03828H
https://doi.org/10.1021/ja034537z
https://doi.org/10.1002/anie.202008439
https://doi.org/10.1021/ic900653q
https://doi.org/10.1016/j.jorganchem.2017.01.025
https://doi.org/10.1039/c2dt30482a
https://doi.org/10.1021/acs.inorgchem.7b02321
https://doi.org/10.1002/chem.201902488
https://www.ncbi.nlm.nih.gov/pubmed/31152678
https://doi.org/10.1002/chem.202002158
https://www.ncbi.nlm.nih.gov/pubmed/32369645
https://doi.org/10.1021/acs.inorgchem.8b00560
https://www.ncbi.nlm.nih.gov/pubmed/29683318
https://doi.org/10.1038/s41586-020-2353-2
https://doi.org/10.1063/1.4927476
https://doi.org/10.1103/PhysRevLett.91.146401
https://doi.org/10.1039/b515623h
https://doi.org/10.1039/C5NJ02448J
https://doi.org/10.1039/c3cp50999k
https://doi.org/10.1021/acs.inorgchem.7b02063
https://doi.org/10.1002/chem.201200649
https://www.ncbi.nlm.nih.gov/pubmed/22555875


Inorganics 2023, 11, 282 21 of 21

53. Bauer, M. HERFD-XAS and valence-to-core-XES: New tools to push the limits in research with hard X-rays? Phys. Chem. Chem.
Phys. 2014, 16, 13827–13837. [CrossRef] [PubMed]

54. Glatzel, P.; Bergmann, U. High resolution 1s core hole X-ray spectroscopy in 3d transition metal complexes—Electronic and
structural information. Coord. Chem. Rev. 2005, 249, 65–95. [CrossRef]

55. Bergmann, U.; Glatzel, P. X-ray emission spectroscopy. Photosyn. Res. 2009, 102, 255–266. [CrossRef]
56. Delgado-Jaime, M.U.; DeBeer, S.; Bauer, M. Valence-to-core X-ray emission spectroscopy of iron-carbonyl complexes: Implications

for the examination of catalytic intermediates. Chem. Eur. J. 2013, 19, 15888–15897. [CrossRef]
57. Illanes, A. (Ed.) Enzyme Biocatalysis: Principles and Applications; Springer: Dordrecht, The Netherlands, 2008; ISBN 978-1-4020-

8360-0.
58. Eastham, K.; Scattergood, P.A.; Chu, D.; Boota, R.Z.; Soupart, A.; Alary, F.; Dixon, I.M.; Rice, C.R.; Hardman, S.J.O.; Elliott, P.I.P.

Not All 3MC States Are the Same: The Role of 3MCcis States in the Photochemical NˆN Ligand Release from Ru(bpy)2(NˆN)2+

Complexes. Inorg. Chem. 2022, 61, 19907–19924. [CrossRef]
59. Neese, F. The ORCA program system. WIREs Comput. Mol. Sci. 2012, 2, 73–78. [CrossRef]
60. Staroverov, V.N.; Scuseria, G.E.; Tao, J.; Perdew, J.P. Comparative assessment of a new nonempirical density functional: Molecules

and hydrogen-bonded complexes. Chem. Phys. 2003, 119, 12129–12137. [CrossRef]
61. Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn:

Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297–3305. [CrossRef]
62. Neese, F.; Wennmohs, F.; Hansen, A.; Becker, U. Efficient, approximate and parallel Hartree–Fock and hybrid DFT calculations. A

‘chain-of-spheres’ algorithm for the Hartree–Fock exchange. Chem. Phys. 2009, 356, 98–109. [CrossRef]
63. Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. Energies, structures, and electronic properties of molecules in solution with the

C-PCM solvation model. J. Comput. Chem. 2003, 24, 669–681. [CrossRef] [PubMed]
64. Neese, F. Prediction and interpretation of the 57Fe isomer shift in Mössbauer spectra by density functional theory. Inorg. Chim.

Acta 2002, 337, 181–192. [CrossRef]
65. Delgado-Jaime, M.U.; DeBeer, S. Expedited analysis of DFT outputs: Introducing MOAnalyzer. J. Comput. Chem. 2012, 33,

2180–2185. [CrossRef]
66. Plasser, F. TheoDORE: A toolbox for a detailed and automated analysis of electronic excited state computations. Chem. Phys. 2020,

152, 84–108. [CrossRef] [PubMed]
67. Knizia, G.; Klein, J.E.M.N. Electron flow in reaction mechanisms--revealed from first principles. Angew. Chem. Int. Ed. Engl. 2015,

54, 5518–5522. [CrossRef]
68. Gauthier, C.; Solé, V.A.; Signorato, R.; Goulon, J.; Moguiline, E. The ESRF beamline ID26: X-ray absorption on ultra dilute sample.

J. Synchrotron. Rad. 1999, 6, 164–166. [CrossRef]
69. Johann, H.H. Die Erzeugung lichtstarker Röntgenspektren mit Hilfe von Konkavkristallen. Z. Physik 1931, 69, 185–206. [CrossRef]
70. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. C Struct. Chem. 2015, 71, 3–8. [CrossRef]
71. Sheldrick, G.M. SHELXT—Integrated space-group and crystal-structure determination. Acta Crystallogr. A Found. Adv. 2015, 71,

3–8. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1039/C4CP00904E
https://www.ncbi.nlm.nih.gov/pubmed/24905791
https://doi.org/10.1016/j.ccr.2004.04.011
https://doi.org/10.1007/s11120-009-9483-6
https://doi.org/10.1002/chem.201301913
https://doi.org/10.1021/acs.inorgchem.2c03146
https://doi.org/10.1002/wcms.81
https://doi.org/10.1063/1.1626543
https://doi.org/10.1039/b508541a
https://doi.org/10.1016/j.chemphys.2008.10.036
https://doi.org/10.1002/jcc.10189
https://www.ncbi.nlm.nih.gov/pubmed/12666158
https://doi.org/10.1016/S0020-1693(02)01031-9
https://doi.org/10.1002/jcc.23028
https://doi.org/10.1063/1.5143076
https://www.ncbi.nlm.nih.gov/pubmed/32113349
https://doi.org/10.1002/anie.201410637
https://doi.org/10.1107/S0909049598016835
https://doi.org/10.1007/BF01798121
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S2053273314026370

	Introduction 
	Results 
	Synthesis and Characterization 
	Cyclic Voltammetry and Optical Spectroscopy 

	Computational Calculations 
	Hard X-ray Spectroscopy 
	Behavior under Irradiation 
	Conclusions 
	General Procedures 
	Materials and Methods 
	NMR Spectroscopy 
	Quantum Chemical Calculations 
	X-ray Absorption and Emission Spectroscopy 
	Single-Crystal X-ray Diffraction 

	References

