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Abstract

tridentate ligands.

Novel iron(ll) complex bearing pyridine-bridged bis(1,2,3-triazol-5-ylidene) ligand was synthesized. During many
attempts to obtain the compounds, we found generation of dicationic homoleptic iron(Il) complex with two tridentate
ligands. Analogous monocationic complex with only one tridentate ligand, which is an unstable intermediary complex
during formation of the dicationic complex was detected. Structural identification of the homoleptic dicationic product
revealed that octahedral geometry stabilized the iron complex and also T1-stacking interaction exists between these two
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Introduction

Mesoionic carbene (MIC) asaligand component in metal complexes
is recently focused as an alternative version of N-heterocyclic carbene
(NHC), which is widely developed and utilized for functional materials
such as catalysis and photochemical devices in these decades [1,2]. The
most interesting feature of MIC is that strong dipole moment in its five-
membered ring exists in the resonance structures, compared with the
classical NHC (Figure 1) [3]. Among MIC molecules, 1,2,3-triazol-5-
ylidene, which is reported by Albrecht et al. [4] and isolated by Bertrand
etal. [5] has a synthetic advantage toward classical NHC. The precursor
compound can be easily prepared by [2+3] Hiiisgen cyclization from
alkyne and azide [6,7] so called ‘click reaction,” enabling introduction
of various substituents easily at the 1- and 4-positions of the five-
membered ring to change their steric and/or electronic properties (R!
and R? in Scheme 1). Moreover, stronger o-donor ability of the carbene
carbon of 1,2,3-triazol-5-ylidene than that of classical NHC was
revealed by several systematic analytical studies, such as IR resonances
of the corresponding metal carbonyl species and direct measurement
of *C resonances due to the carbene carbons [1,2,8]. Therefore, many
examples of MICs as ligands for transition metal complexes containing
Pd, Ru, Rh, Ir, Ag, Au and Cu have been reported in the recent
years [1-3,9-13]. These metal complexes are applied to catalysis for
organic transformations and also photoelectronic devices. However,
it is surprising that only four examples of MIC-containing tridentate
ligand, which can stabilize pincer-type coordination to metals, are
known [14-16]. Moreover, iron-MIC complexes have not been
reported except only one example [17]. Iron is the most abundant
metal element on the earth. Development of homogeneous catalysis
using iron as the active metal center is one of the most important issues
for the sustainable development of chemical production of useful
organic compounds, not using rare metal resources [18]. Therefore,
many chemists started development of the chemical procedure of
iron catalysts [19-21]. However, it is a drawback that iron compounds
usually form high-spin paramagnetic species, which are difficult to
determine the structures and are unstable attributed to the unpaired
electron, decreasing strength of the bonding interactions between iron
atom and ligand [22]. Quite recently, we have reported synthesis and

structure of pyridine-bridged 1,2,3-triazol-5-ylidene (3a, 3b), which
are prepared from the corresponding bis(1,2,3-triazole) (1a, 1b) as the
starting material, via the methylated bis(1,2,3-triazolium) salts (2a,
2b). The compounds 2a and 2b are easily reduced to form 3a and 3b,
respectively, in good yields (Scheme 2) [23]. They are rare examples
of the isolated MIC. The X-ray crystallography and DFT calculations
of 3a indicated its characteristic amphiphilic nature; because it has an
expanded nt-conjugated plane including one pyridine and two carbene
rings, the stabilized m*-orbital easily accept a single unpaired electron
to form anionic radical species in part, despite the fact that carbene
carbons are strong o-donor [24]. Here, we successfully synthesized
and determined the tridentate MIC complex of iron. Unexpectedly,
even if stoichiometric amount of the carbene ligand was added to iron
halides, two molecules of the carbene coordinated to form dicationic
homoleptic iron complex 4 with stepwise liberation of two halide
anions from iron halides.

Materials and Methods

All experiments were carried out under an inert gas atmosphere
using standard Schlenk techniques and a glove box (MBraun UniLab)
unless otherwise noted. THF, toluene, hexane, and benzene-d, were
distilled from benzophenone ketyl and stored under a nitrogen
atmosphere. Organic reagents used for coupling reactions were
distilled just before use. The starting materials, 2,6-bisacetylpyridine
[25] and 2-azido-2,6-diisopropylbenzene [26] were prepared according
to the literature. '"H NMR (400 MHz) and “C NMR (100 MHz) spectra
were recorded on a Bruker AVANCE III HD 400 MHz spectrometer
at room temperature in CDCI, or acetonitrile-d,. Chemical shifts (5)
were recorded in ppm from the internal standard. IR spectra were
recorded in cm™ on a PERKIN ELMER Spectrum Two spectrometer
equipped with a universal diamond ATR. Electrospray ionization time-
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Figure 1: Resonance structures of NHC and MIC [2].

Scheme 1: [2+3] Hiisgen cyclization.

Scheme 2: Synthesis of bis(triazolylidene) 3a, 3b [23].

of-flight mass spectrometry (ESI-TOF MS) was carried out on a JEOL
JMS-T100 mass spectrometer. The sample solutions in THF (ca. 1 umol
L") were directly infused using THF as solvent stream. UV-visible
spectra were recorded on a PERKIN ELMER Lambda 35 ES UV/VIS
Spectrophotometer.

Preparation of 4b-PF,

To a glass bottle were charged FeCl, (19.4 mg 0.153 mmol) and
THF (11 mL) and stirred over night at room temperature. To another
glass bottle were charged NaO‘Bu (33.5 mg, 0.349 mmol), ether (0.8
mL) and 2b (100 mg, 0.153 mmol). The mixture was stirred for 1 h
and then filtered through celite and added to the iron(II) chloride
solution. The mixture was stirred for 22 h at room temperature, and
then filtered through celite and NH PF, (16.9 mg 0.104 mmol) and
CH,CN (2.17 mL) were added and the mixture was stirred for 15 h at
room temperature. After the mixture was filtered through celite, the
resulting solution was removed under reduced pressure. The mixture
was purified by column chromatography (alumina) eluted with CH,CN
and recrystallized over CH,CN/THF at -30°C to give dark blue crystals
(1.9 mg, 2%). '"H NMR (400 MHz, CD,CN) 6=7.35 (t, 2 H, J=8.0 Hz,
Py-H), 7.08 (d, 4 H, J=8.0 Hz, Py-H), 6.63 (s, 8 H, J=8.0 Hz, MES-H),
4.41 (s, 12 H, Trz-CH,), 2.22 (s, 12 H, MES-H), 1.20 (s, 24 H, MES-H);
C NMR (100 MHz, CD,CN) 8=197.27 (Fe-Carbene), 152.62, 145.82,
141.76, 135.05, 134.95, 133.01, 130.08, 117.18, 39.26, 20.93, 18.39. ESI-
TOF MS (m/z) 562.28, (C, H N _-H* requires 562.19).

35774377

Single-crystal X-ray diffraction study of 4b

A single crystal of 4b suitable for X-ray diffraction study was
grown at -30°C from the acetonitrile solution. The data at 110 K was
collected on a Rigaku Saturn CCD diffractometer, using graphite
monochromated Mo Ka radiation (A=0.71070 A). Data reductions of
the measured reflections were carried out using the software package,
Crystal Structure. The structures were solved by direct methods (SIR-
2008) [27] and refined by full-matrix least-squares fitting based on F2
using the program SHELXL 2013 [28]. All non-hydrogen atoms were
refined with anisotropic displacement parameters. All H atoms were
located at ideal positions and were included in the refinement, but
were restricted to ride on the atom to which they were bonded. CCDC-
1440830 contains the supplementary crystallographic data.

Results and Discussion

Synthesis of iron(II) complex bearing 1,2,3-triazol-5-ylidene
ligand

The triazolium 2b was reduced in the presence of sodium tert-
butoxide in ether to form carbene in situ. Then, the resulting mixture
was filtered through celite and the solution was added to THF solution
of FeCl,(thf), .. The obtained purple solution contains iron complex
4b as the major product (Scheme 3). NMR spectrum of the product
gave broadened signals, indicating existence of paramagnetic species,
probably being assignable as the counter anion FeCl, of 4b and/or the
resting starting iron(II) chloride (Figure 2). ESI-TOF MS spectrum
showed clear peaks at 505.95 (m/z) assigned as dicationic iron species,
[Fe(MIC),]*", calculated as (C,;H N, Fe)** (505.23 (m/z)) (Figure 3).
The distribution of the isotopes was agreed with the theoretical one.
Recrystallization of the product over acetonitrile and THF at -30°C,
purple crystals suitable for X-ray crystallography were obtained. The
crystal structure of 4b as shown in Figure 4, showed that two molecules
of the tridentate ligand coordinate to cationic iron to form octahedral
geometryaccompanied with counteranion, (FeCl,),(u-O)*, which could
be generated by oxidation of FeCl, under air. The tridentate ligands
forms planar conformation without steric repulsion between methyl
group in the triazole ring and C-H bond at the 3-position of pyridine,
which can be anticipated in a DFT calculation of the free ligand 3a in the
previous report [23]. Averaged iron-carbon (carbene) bond distances
are 1.95 A, being smaller than those of its NHC analogue, [Fe(NHC)
Br,] (2.15 A) [29]. It should be noted that n-nt stacking interaction
exists between the pyridine ring in one ligand and the two mesityl rings
in the other ligand. The averaged distances between these rings are 3.55
A. This interaction could stabilize coordination of the second carbene
molecule. Above findings prompted us to exchange the counter anion
of 4b, (FeCl,),(u-O)* or FeCl,” with other non-metal anion, because
these anions potentially disturb the NMR spectra attributed to their
paramagnetic nature. According to a literature, anion was exchanged
with NH,PF, in acetonitrile (Scheme 4) [29]. After reprecipitation
of the resulting crystalline solid in THF, small amount of dark blue
crystals were obtained (2%). The 'H NMR measurement of the solid
in acetonitrile-d, revealed generation of diamagnetic compound after
the anion exchange reaction, expectedly (Figure 5). That is 4b with two
PF_ anions, 4b-PF6. The 'H resonances due to the two carbene ligands
were observed equivalently, suggesting symmetric structure around
iron (II). The *C NMR spectrum also indicates its structural feature.
The signal from carbene carbon was observed at 197 ppm, shifted to
higher field than that from the corresponding free carbene carbon of
3b, 201 ppm [24].
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Figure 2: "H NMR spectrum of the obtained product (400 MHz, in acetonitrile-d,).

Figure 3: ESI-MS spectrum of the obtained product in acetonitrile.

Figure 4: (a) ORTEP drawing of 4b (50% probability of thermal ellipsoids).
Hydrogen atoms, counter anion, and co-crystallized four acetonitrile molecules
are omitted for clarity. (b) Averaged Fe-C bond distance, 1.95 A and that
of 1-1r stacking interaction, 3.55 A

carbene

Figure 5: 'H (top) and "*C (bottom) NMR spectra of 4b-PF in CD,CN ('H:
400 MHz, *C: 100 MHz).

Detection of intermediary complex of iron (II) bearing one
carbene ligand

The reaction of the “2,6-diisopropylphenyl” carbene analogue 3a
with an equivalent or more amount of iron(II) bromide in THF/ether
solutions provided formation of a mixture containing 4a. Monitoring
the reaction mixture based on ESI-TOF MS in acetonitrile revealed
that iron(IT) bromide 5a bearing only one carbene ligand was formed
(Scheme 5). The mass ion peak of 5a was observed at 696.22 (m/z),
assigned as iron (II) monobromide cation, C,.H, N FeBr (696.21
(m/z)), in addition with that at 589.32 (m/z), assigned as the cationic
part of the dicationic complex 4a (Figure 6). Unfortunately, all of a lot
of trials to isolate 5a were in fail, because 5a was unstable and vanished
in the reaction mixture after several hours, probably giving 4a by the
reaction with excess amount of carbene and iron halide as noted below.
Several solvents, such as toluene, acetonitrile, and ether did not provide
selective formation of 5a. Even though the isolated carbene molecule
3a was used instead of in-situ generated carbene, both the MS signals
due to 4a and 5a were observed after possible purification processes,
such as filtration and/or reprecipitation.

Mechanistic considerations to form 4

Danopoulos et al. reported that two types of reactions proceeds
when analogous pyridine-bridged bisNHC ligand with iron precursors
[27]. (A) After reaction of the NHC ligand with iron chloride, anion
exchange process with sodium tetraphenylborate (NaBPh,) gives
cationic iron(II) complex bearing only one NHC ligand. (B) On the
other hand, that with iron(II) tetramethylethylenediamine (tmeda),
[FeCl,(tmeda)],, yields another iron complex bearing two NHC ligands
(Scheme 6). In the latter reaction, they proposed that chloride anion
easily eliminates from iron atom in the presence of the first NHC
ligand around the iron center, inducing easy ligand exchange reaction
with the second NHC ligand. Therefore, we also proposed the reaction
mechanism to form 4a from iron (II) bromide and 3a, as follows.
(1) The MIC ligand 3a easily reacts with iron (II) bromide to form a
cationic complex 3a-Fe-Br* with liberation of a bromide anion, due to
strong trans effect of the MIC ligand. (2) Excess iron (II) bromide binds
to bromide anion of 3a-Fe-Br* to form FeBr,. (3) Because bromide
anion consumed iron bromide to form FeBr,, the equimolar amount
of free MIC ligand 3a was left in the reaction mixture. The carbene
molecule 3a reacts with unstable 5a to form 4a (Scheme 7). We also
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consider that the formation of 4b also proceeds in the similar way.

Conclusions

Iron complexes bearing pyridine-bridged bis(1,2,3-triazol-5-
ylidene) were synthesized. The reaction of iron(II) halides with these
MIC ligands selectively form dicationic iron complexes bearing two
MIC ligands. The obtained complexes were structurally determined,
revealing octahedral diamagnetic geometry around iron atom. The
mechanism of the formation of these dicationic complexes was
proposed, indicating that easy liberation of halide anion may accelerate

Scheme 5: Reaction of 2a with iron(ll) bromide.

Scheme 6: Synthesis of two types of iron complexes depending on iron
precursors [19].

Figure 6: ESI-TOF MS spectra of the reaction mixture containing 4a and 5a
in acetonitrile.

Scheme 7: Plausible mechanism in generation of 4a.

Scheme 3: Synthesis of iron MIC complex 4b. the ligand exchange reaction strongly supported by electron-donating
MIC ligand.
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