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ABSTRACT: Here, we report the imidazolium-/pyrrolinium-substituted persistent zwitterionic ferrocenate derivatives,
which were characterized by electron paramagnetic resonance (EPR) and 5'Fe Mdssbauer spectroscopy. Additional
theoretical studies on these zwitterionic ferrocenate derivatives clearly explain the origin of their thermal stability and
the orbital interactions between iron and imidazolium-/pyrrolinium-substituted zwitterionic cyclopentadienyl ligand.
Exploiting the facile Fe(l1/1) redox chemistry, we successfully demonstrated that the ferrocene derivative can be ap-
plied as an example of derivatized ferrocene anolyte for redox-flow batteries. These zwitterionic ferrocenate deriva-
tives will not only deepen our understanding of the intrinsic chemistry of ferrocenate but have the potential to open
the way for the rational design of metallocenate derivatives for various applications.

Introduction

Since its discovery by Pauson, Kealy,! and Miller,? the remarkable stability and reactivity of ferrocene®* have enabled its
use in many applications, including electrochemistry,® medicinal chemistry,® bioorganometallic chemistry,” host-guest
chemistry,® and transition metal catalysis.® In particular, the pronounced reversible redox behavior of ferrocene solidifies its
position in electrochemistry as a ubiquitous standard. Furthermore, the Fe(I11)/Fe(IV) oxidation of ferrocenium has been
achieved recently using a superacid medium.°

Recently, Mills and co-workers reported fascinating work describing the characterization of a derivatized ferrocenate under
low temperature.* Considering that the reduction of ferrocene occurs at highly negative voltages (-3.3 V vs F¢/Fc*), 2t it can
be applied to a wide range of electrochemistry, including the design of anolyte for high energy battery. However, there is
still no example of the practical application of ferrocenate derivatives including two intact cyclopentadienyl ligands so far.

Due to the high instability of ferrocenate, the characterization of its chemical properties was possible only at low tempera-
tures.’? The decomposition of the ferrocene unit in presence of strong reductants was also reported.’® The instability of the
ferrocenate is due to the facile dissociation of the cyclopentadienyl anion ligand (Cp),* as indicated by trapping experi-
ments.* Despite numerous attempts to stabilize the ferrocenate by the introduction of functional groups on the cyclopenta-
dienyl rings, a persistent ferrocenate stable at room temperature could not be obtained (Figure 1a).25°

Based on the fact that their high instability is caused by the dissociation of the cyclopentadienyl ligand, many attempts
have been made to synthesize an isolobal structure of ferrocenate stabilized by the introduction of other ligands.*’?* Astruc
et al. reported the synthesis of an iron-based sandwich complex [Fe(Cp)(n®-CsMeg)]?* and its derivatives.?? Tatsumi et al.
reported [(Cp*)Fe(p-polyarene)Fe(Cp*)] complexes obtained by the reduction of half-sandwich Fe(I11)Cp* compounds using
potassium polyarenides.? While previous studies on the reduction of heteroferrocenes to obtain stable heteroferrocenate had
been unsuccessful,'’"*° Saito et al. reported the synthesis of stable anionic stannaferrocenate from the reaction between



Fe(acac)s and dilithiostannol.?* Recently, Goodwin et al. also reported the characterization of low-spin 1,1'-diphosphaferro-
cenate, which decomposes within 1 hour at room temperature.?
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Figure 1 Synthesis of imidazolium-/pyrrolinium-substituted ferrocene derivatives and their zwitterionic ferrocenate deriva-
tives (a) Previous attempts to obtain persistent ferrocenate derivatives and their persistent isolobal structures. (b) Synthesis
of 1a and 1b by the oxidative nucleophilic substitution of ferrocenium with NHCs and their further reduction to obtain 2a
and 2b, with formal oxidation states indicated. (Fc = ferrocenium, Dipp = 2,6-diisopropylphenyl). (c) X-ray crystallographic
analysis of 1a and 1b. (d) Cyclic voltammograms of 1a and 1b in 0.1 M of [BusN]PF¢/MeCN (vs. Fc/Fc*, scan rate = 0.1 V
sh.

Recently, interest in N-heterocyclic carbenes (NHCs)® has increased due to their novel chemical properties, such as the
reactivity towards small molecules.?s?” Especially, their amazing properties to stabilize electron-rich main-group elements,
radicals,?%! and transition-metal centers®? are enjoying the spotlight. However, the redox behavior of NHCs remains under-
explored, presumably due to the thermal instability of NHC radical ions generated by redox reactions. For example, the
radical anion of triazol-5-ylidene was characterized by cyclic voltammetry and electron paramagnetic resonance (EPR) in
1997, but there has been no report of an NHC radical cation produced by one-electron oxidation.

Nevertheless, the reactivity of NHCs with various oxidants has been studied. In 2004, the reactivity of imidazol-2-ylidene
with tetracyanoethylene (TCNE) and a ferrocenium salt was reported by Clyburne et al.* They showed that TCNE reacted
with the NHC to produce a cationic dimer, formation of which was considered as evidence of an NHC radical cation inter-
mediacy. However, direct observation of the NHC radical cation intermediate was not possible. Subsequently, a potential
proton-catalyzed dimerization pathway was suggested as an alternative mechanism for the cationic dimer formation.® This
revised mechanism has been further strengthened by the inconsistency between the ionization energy of NHC (7.68 eV®)
and the electron affinity of TCNE (3.16 eV¥), as pointed out by the Arduengo group in 2015.% Furthermore, Arduengo®
and our group® have also reported various adducts obtained from the reaction between NHCs and TCNE.

Interestingly, Clyburne and coworkers showed that ferrocenium salts react with NHCs to produce imidazolium
salts, not dicationic dimers.3* They have postulated that the unstable NHC radical cation intermediate likely ab-
stracts a hydrogen atom from the THF solvent. As Arduengo argued,® however, it is necessary to consider whether
the charge transfer between an NHC and ferrocenium is thermodynamically feasible. In the light of their respective
ionization potentials (NHC: 7.68 eV,% ferrocene: 6.81 eV“?), an alternative mechanism is needed to explain how




the imidazolium salt forms. In addition, various phosphines, which are less nucleophilic than NHCs, were found to
react with ferrocenium salts to produce phosphinium-substituted ferrocene derivatives.*

Inspired by these works, we speculated that imidazolium-/pyrrolinium-substituted ferrocene derivatives could be
formed by the direct reaction of 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr) and cyclic (al-
kyl)(amino)carbene (cAAC) with ferrocenium salts. Assuming we could access these imidazolium-/pyrrolinium-
substituted ferrocene derivatives, subsequent reduction yielding zwitterionic ferrocenate derivatives stabilized by
the well-known m-accepting properties and significant steric hindrance of the imidazolium-/pyrrolinium-substituted
fragment was considered feasible. Here, we report the successful synthesis of imidazolium-/pyrrolinium-substituted
cyclopentadiene iron complexes and elucidation of the unambiguous one-electron reduction of ferrocene deriva-
tives.

Results and discussion

We sought to investigate the imidazolium salts produced in the reaction of NHCs with ferrocenium salts, as reported by
Clyburne.®® After the addition of IPr to ferrocenium hexafluorophosphate (FcPFe) in THF at room temperature, the corre-
sponding imidazolium salt and ferrocene were obtained.* However, we were able to identify an additional component of
the reaction mixture that has not been characterized previously. This product was identified as the imidazolium-substituted
ferrocenium derivative (1a) and could be cleanly isolated in 56% yield. In the same manner, pyrrolinium-substituted ferro-
cenium derivative (1b) was also successfully obtained in 46% isolated yield using cAAC (Figure 1b).

Compared with the previous studies reported by Kunz*** and Yuan,*** imidazolium-substituted ferrocenium derivative
with high steric hindrance on imidazolium ring 1a is first reported. Furthermore, although iminium-substituted ferrocene
derivatives have previously been reported as carbene precursors,*®! this is also the first report of pyrrolinium-substituted
ferrocenium derivative 1b, which exhibits different chemical properties to 1a due to the greater n-accepting nature of pyr-
rolinium compared to imidazolium. The stability of these imidazolium-/pyrrolinium-substituted ferrocene derivatives may
further enable research on ferrocene-based carbocation species, limited by dimerization pathways and dissociation of ful-
vene ligand from iron.

X-ray diffraction studies of 1a and 1b confirmed the imidazolium-/pyrrolinium-substituted ferrocene derivatives (Figure
1c). The C1-C11 bond lengths of 1a (1.447(6) A) and 1b (1.446(2) A) are similar to Yuan’s system (1.437(9) A*). 1a
exhibits planarity across the cyclopentadiene and imidazolium rings (C2—C1-C11-N1 = 0.81 °), in contrast to the distorted
structures of 1b and Yuan’s system (17.22 © and 38.83 °%) due to the 1,3-allylic strain between the imidazolium and Cp
rings.

To understand the formation of the imidazolium-/pyrrolinium-substituted ferrocene derivatives, we investigated three pos-
sible initial reaction pathways by density functional theory (DFT) calculations:*- 5 (1) Oxidation of NHC by ferrocenium,
(2) deprotonation of ferrocenium by NHC, and (3) nucleophilic addition of NHC to ferrocenium (Figure S2 and S3). The
computational studies indicate that the nucleophilic addition of NHC to ferrocenium is the most favorable reaction pathway,
consistent with the previously reported reaction between ferrocenium and phosphines.* Due to the strong nucleophilicity of
NHC, the activation barrier toward the nucleophilic addition of an NHC may be a much as 16 kcal mol™* lower than the
reaction with a phosphine.*

The UV-Vis spectra of 1a and 1b are shown in Figure S10. In the visible light region, 1a and 1b show strong transitions
at 471 nm (e=2200 cm™ M) and 551 nm (e=5500 cm™ M), respectively. Time-dependent DFT calculations of 1a and 1b
at B3PW91/Def2-SVP level of theory predict a metal-to-ligand charge transfer (MLCT) in relatively good agreement with
the experimental spectra (Figure S8 and S9). Interestingly, the differences in the transition energies were largely dependent
on the LUMO orbitals, which are strongly influenced by the vacant p-orbital at the imidazolium and pyrrolinium. Thus, the
absorption band of 1b is red-shifted compared to that of 1a, due to the stronger m-accepting nature of cCAAC than IPr.

la and 1b exhibit irreversible oxidation near 0.60 V vs. Fc/Fc*) (Figure S13). However, Fe(l1)/Fe(l) reduction at Ey, = -
2.31V (1a) and Eiz = -1.69 V (1b) (vs. Fc/Fc*) are reversible under inert conditions (Figure 1d). On the other hand, a
reversible reduction of ferrocene is only observed at low temperature (-50 °C).}2 The unusual reversible reduction of these
imidazolium-/pyrrolinium-substituted ferrocene derivatives might be attributed to the radical stabilization effect of the im-
idazolium and pyrrolinium moiety?>° with the protection by sterically hindered substituents. To the best of our knowledge,
intact ferrocenate derivatives have never been reported due to their low chemical stability.™® Thus, we attempted to prepare
the reduced imidazolium-/pyrrolinium-substituted ferrocene radicals 2a and 2b to confirm the stabilization effect of the
imidazolium-/pyrrolinium-substituted cyclopentadienyl ligands on low-valent transition metal centers. Hence, reduction of
la and 1b by KCs in toluene at -78 °C generates deep green and deep purple solutions of 2a and 2b, respectively (Figure



1b). The UV-Vis spectra of 2a and 2b are shown in Figure S11. The near-infrared (NIR) transition of 2a at 1036 nm is
consistent with TD-DFT predictions (Figure S7). 2a and 2b were isolated by removing solvent under vacuum after celite
filter of crude solution (2a: 44% yield, 2b: 99% yield). The 2a and 2b are stable for several weeks at -20 °C as solid and
solution phase under an inert atmosphere.

2a and 2b show relatively high thermal stability in toluene solution at room temperature, as monitored by UV-Vis-
NIR spectroscopy (Figure S12). The remarkable stability of 2a and 2b contrasts with previous studies on the re-
duction of ferrocene and their derivatives. The previously reported ferrocene radical anion showed a short half-
lifetime of minutes at low temperatures (-50 °C)%* and the reduced radical structures of several ferrocene derivatives
could only exist with a short half-lifetime from seconds to minutes at room temperature.'® On the other hand, 2a
and 2b showed improved stability with a long half-lifetime in hours to days at room temperature (Figure S12).
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Figure 2 Structural characterization of zwitterionic ferrocenate derivatives with DFT-calculations (a) Optimized structures
of 2a and 2b obtained using Gaussian 09W at B3PW91/Def2-SVP level. (b) SOMO of 2a and 2b (isovalue = 0.05 (elec-
trons/bohr®)¥?). (c) Selected bond lengths of 1a, 2a, 1b, and 2b.

The structures of 2a and 2b are evaluated by DFT optimization (Figure 2a). Interestingly, 2a and 2b show a slight distortion
of the imidazolium-/pyrrolinium-substituted cyclipentadienyl ligand (Figure 2b). The results might be explained by inspec-
tion of the half-filled SOMO orbitals of 2a and 2b showing anti-bonding character between Fe and C1 (Figure 2c). The
bond length between Fe—C1 in 2b is shorter than that in 2a, presumably because the SOMO population in the m-orbital
(between C1-C11) is more localized on C11 in 2b than it is in 2a. We believe that the SOMO localization on the imidazolium
and pyrrolinium moiety accounts for the bonding in 2a and 2b and explains the thermal stability of the reduced species.
Despite the increase in the length of Fe1l-C1 and the decrease in the length of C1-C11 bond, the bond between Fel and C1
is still present and the C1-C11 bond remains in a single bond range. Thus, the imidazolium-/pyrrolinium-substituted cy-
clipentadienyl ligand ligands of 2a and 2b still resemble the previously reported their zwitterionic structures®? but differ
significantly from the structures of iron #*-fulvene complexes®.

For a clear classification as cyclopentadienide, we also considered the bond-length alternation (BLA) parameter of several
fulvene derivatives including 1a, 1b, 2a, and 2b (Figure S1). In the case of intact fulvenes A and B, their BLA parameters
are 11.9, which was close to polyethylene (~12). On the other hand, the BLA parameters of zwitterionic cyclopentadienide
are low (C—4.0 and D-2.1). Interestingly, the fulvene complex (E-H) showed a lower value (6.7-3.7) than intact fulvene (A,
B), but still showed a higher value, which could be classified as a fulvene, than zwitterionic cyclopentadienide D. On the



other hand, 1a, 1b, 2a, and 2b showed low values of BLA parameters (0.9 —2.7), which show a similar value with ferrocenyl
carbocation (1, J). Thus, The ligands of 2a and 2b, as well as 1a and 1b, can be classified as cyclopentadienide.
Furthermore, the thermal stability of 2a and 2b may in part be attributable to the spin delocalization from iron to
the imidazolium and pyrrolinium as calculated by DFT at the B3PW91/Def2-SVP level of theory. The Mulliken
atomic spin densities of 2a and 2b localize on the iron atom at 46% and 32% and in the empty p-orbital of the
imidazolium and pyrrolinium at 31% and 58%, respectively (Figure S5). This result shows that the zwitterionic
character of 2a is larger than that of 2b.
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Figure 3 Spectroscopic characterization of zwitterionic ferrocenate derivatives (a) X-band EPR spectrum of 2a and 2b in
toluene at 160 K and the visualization of Mulliken spin densities of 2a and 2b (Gaussian 09W, B3PW91/Def2-SVP, isovalue
= 0.05 (electrons/bohr?)¥2). (b) Frozen solution Méssbauer spectra of 1a, 1b, 2a, and 2b collected at 80 K in the presence of
a 50 mT parallel magnetic field.

Unlike anionic derivatized ferrocene!* and stannaferrocene?* showing high-spin states (S=3/2), the X-band EPR spectros-
copy data also confirm the low spin, iron-based ground states (S = 1/2) of 2a (g = [2.040, 2.014, 2.010]) and 2b (g = [2.027,
2.019, 2.000]) (Figure 3a). The EPR spectra of 2a and 2b distinctly differ from the data obtained for “ferrocene-substituted
radical anions,” which exhibit narrow signals with well-resolved *H couplings and symmetry for the center of the spectra.'®
Similar to other low-spin Fe' complexes® including 1,1-diphosphaferrocenate,? the slightly rhombic spectra of 2a and 2b
with comparatively wider and anisotropic signals are consistent with iron d-orbital character of the S = 1/2 ground state.
We also performed %"Fe Mdssbauer spectroscopy of each compound in benzene or toluene solutions (Figure 3b).
The *"Fe Mdssbauer spectra of 1a and 1b at 80 K feature symmetric quadrupole doublets at 8 = 0.53 mm s (1a)
and 0.54 mm s (1b) (compared to ferrocene at approximately 0.53 mm s™) and quadrupole splitting AEq = 2.27
mm s? (1a) and 2.22 mm s (1b) (cf. 2.40 mm s for ferrocene).>” However, the spectra of their reduced forms 2a
and 2b are in both cases positively shifted to § = 0.64 mm s (2a) and 0.59 mm s (2b) and narrowed to AEq =
1.70 mm s (2a) and 1.92 mm s (2b). The Méssbauer parameters for all four compounds are well-reproduced by
a calibrated DFT method (see Supplementary Materials), and single-point calculations recapitulate the shared elec-
tron density between iron and the imidazolium and pyrrolinium. The Mdssbauer parameters of 2a and 2b can be
also indirectly validated by comparison with the similar quadrupole doublets of 1,1’-diphosphaferrocenate (6 =
0.65 mm s, AEq = 1.28 mm s at 120 K) and isolobal bis-Fe(l) sandwich complexes reported by Astruc et al. (6 =
0.56-0.66 mm s and AEq = 1.31-1.66 mm s between 10 and 260 K)? and Tatsumi et al. (5 = 0.59 mm s and



AEq = 1.55-1.59 mm s at 90 K).% On the other hand, Fe(l)-CpFe(CsHs) exhibits a quadrupole doublet near & =
0.92-0.87 mm s (AEq = 1.20-0.95 mm s between 4.2 and 260 K), potentially excluding decomposition of the
reduced products 2a and 2b to similar solvent adducts.?! An increase in the measured isomer shift would be ex-
pected with a slight elongation of the Fe—C bonds in the complexes upon reduction; the narrowing of the quadrupole
splitting is consistent with increased electron density in axial dx./dy,-based SOMO orbitals orthogonal to the equa-
torial dy,/dx2.,, HOMO orbitals of Fe(ll) in 1a and 1b.%® This investigation of the electronic environment of zwitter-
ionic ferrocenate derivatives 2a and 2b supports the iron-based spin and lower valence state of 2a and 2b with
respect to 1a and 1b.
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Figure 4 Application of zwitterionic ferrocenate derivatives in redox-flow battery (a) Redox mechanism of 1b and DMPZ
in a flow cell. (b) Cyclic voltammogram of 1b in 0.5 M LiTFSI/MeCN (vs. Fc/Fc*, scan rate = 0.1 V s1). (c) Cell voltage
vs. cell capacity. (d) Cycling efficiencies and capacities with 50 cycles.

Most applications of ferrocene derivatives have been limited to their oxidation chemistry due to the instability of the fer-
rocenate derivatives generated at extremely negative potential.>® However, we found that 1b, which exhibits a reversible
Fe(l)/Fe(l) redox cycle, could be studied in a redox-flow battery (RFB) system as an example of derivatized ferrocene
anolyte.®® Considering its remarkable stability, moderate reduction potential (-1.69 V vs Fc/Fctin 0.1 M [BusN]PFs/MeCN),
and high solubility (0.561 M) in MeCN, we believed that 1b could serve as a potential anolyte candidate in a high-perfor-
mance RFB. To construct an all-organic RFB,%! commercially available 5,10-dimethyldihydrophenazine (DMPZ) was em-
ployed as a counter catholyte material (Figure 4a); DMPZ undergoes a reversible redox reaction at —0.26 V vs. Fc/Fc*.6264
As shown in Figure 4b, 1b in MeCN with 0.5 M LiTFSI supporting electrolyte shows a reversible single-electron redox
event at —1.68 V vs. Fc/Fc*, yielding a theoretical cell voltage of 1.42 V in a flow battery when coupled with DMPZ.

The electrochemical performance of the flow cell employing the DMPZ/1b system was also investigated using a customized
flow cell (see Supplementary Materials). Figure 4c shows a representative charge-discharge curve at a current density of 20
mA cm 2. An average cell voltage of 1.40 V was achieved, consistent with the cyclic voltammetry data. It should be noted
that the initial capacity of 0.62 Ah L™ is reasonably close to the theoretical capacity of 0.80 Ah L™, indicating material
utilization of ~78%. The cycling efficiency and capacity retention data for the RFB indicate that the flow cell maintains a
high coulombic efficiency (CE) of ~99%, a voltage efficiency of ~71%, and acceptable energy efficiency (EE) of ~70%
over 50 cycles (Figure 4d). Additionally, stable cycling is maintained in the flow cell without noticeable capacity degrada-
tion over 50 cycles, which is mainly attributed to the high stability of 2b in the solution phase. These results illustrate that



electrochemistry based on Fe(l)/Fe(Il) ferrocene redox couples is feasible in practical battery operation and is enabled by
the stereoelectronic stabilization of pyrrolinium-substituted zwitterionic ferrocenate derivative.

Conclusions

Ferrocene, one of the most representative compounds in the discipline of organometallic chemistry, attracted much atten-
tion because of its extremely high thermodynamic, chemical, and Fe(ll/111) redox stability. However, the applications using
the extremely negative voltage of ferrocene have not been reported to date due to the fast dissociation of the cyclopentadienyl
anion ligands from Fe(l). Thus, an Fe(l) biscyclopentadiene complex remained elusive for a long time. Here, we have shown
that zwitterionic ferrocenate derivatives 2a and 2b can be prepared by the one-electron reduction of 1a and 1b at ambient
conditions, as confirmed by several complementary spectroscopic and theoretical methods. Additionally, a potential appli-
cation in a redox-flow battery was successfully demonstrated using 1b as an example of ferrocene anolyte, in part due to the
high degree of stabilization of low-valent state by the CAAC moiety. These imidazolium-/pyrrolinium-substituted ferrocene
derivatives may deepen our understanding of the electrochemical behavior of ferrocene compounds and open the way to the
rational design of ferrocenate derivatives.
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