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Bis(trifluoromethanesulfonyl)amide (TFSA), hexafluorophosphate (PFs™), and iodide salts of 1-ferrocenyl-3-alkyl-
imidazolium were prepared and their thermal and physical properties, including the dependence on alky! chain length
(methyl—hexadecyl), were investigated. The TFSA salts were highly viscous ionic liquids with melting points around
room temperature. 1-Ferrocenyl-4-methyltriazolium salts were also prepared for comparison. The ferrocenylimida-
zolium and ferrocenyltriazolium cations showed redox waves for both the ferrocenyl moiety and the azolium moiety and
exhibited corresponding charge-transfer bands at around 330 nm, which were analyzed using the Marcus—Hush
model. Crystal structure determinations at low temperature revealed that the PFg and iodide salts form layerlike
structures composed of ionic layers of the charged moieties. The TFSA salt exhibited short hydrogen-bond-like
intermolecular contacts between the hydrogen atoms of the cation and oxygen atoms of the anion.

Introduction

Tonic liquids (ILs) have recently attracted special attention
from the viewpoint of physical and materials chemistry,'®
and their properties have been investigated in terms of their
application as reaction solvents and electrolytes for electro-
chemical devices.””'® Onium cations are generally used as
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components of ILs, and in particular, alkylimidazolium salts
form the broadest family. One of the methods for incorpor-
ating additional functionality into ILs is to add functional
moieties, such as organometallic substituents, to their con-
stituents.'®">* For this purpose, we recently prepared ferro-
cenium ILs that contain ferrocenium cations.* In addition,
we have prepared a series of ferrocene-based heterocyclic
ligands and their coordination compounds.>*~*® Ferrocene
can act as an electron donor exhibiting a redox function,”
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Figure 1. Chemical formulas of (a) 1-ferrocenyl-3-alkylimidazolium
salts and (b) 1-ferrocenyl-4-methyltriazolium salts.

from which donor—acceptor molecules can be prepared by
introducing electron accepting moieties.*® Ferrocene-based
donor—acceptor-type molecules have attracted attention
because of their photochemical properties, such as photo-
induced electron transfer,?' ~* and optical properties, such as
third-order harmonic generation.*~

To date, several ILs containing ferrocenyl substituents
have been reported,'®~ 833 but the cations in these com-
pounds contain bridging groups between the ferrocenyl
moiety and the cationic group, such as methylene or ester
units. In this study, we prepared a series of 1-ferrocenyl-3-
alkylimidazolium salts with varying alkyl chain lengths [n =
1(1),2(2),3(3),4(4),6(5),8(6),12(7),and 16 (8)] (Figure 1a)
in which the ferrocenyl group is directly conjugated to the
electron-accepting imidazolium moiety. Electronic features
such as redox activities and photoinduced electron transfer
are added to the ILs with incorporation of the conjugated
ferrocenyl moiety. Furthermore, it is of interest to under-
stand how the introduction of the nonplanar and bulky
ferrocenyl substituent affects the melting points and phase
sequences of the salts. As the counteranions, we chose bis-
(trifluoromethanesulfonyl)amide (abbreviated as TFSA),
which provided ILs at room temperature, and hexafluoro-
phosphate (PF¢ ), which provided crystalline solids. Thermal
properties, viscosities, redox potentials, and charge-transfer
(CT) absorption bands for these salts were investigated and
analyzed. As a reference compound, 1-ferrocenyl-4-methyl-
triazolium salt [n=1 (9); Figure 1b] was prepared. To investigate
structural aspects, some of these salts were characterized crystal-
lographically at low temperature.

Results and Discussion

Preparation and Properties. 1-Ferrocenyl-3-alkylimi-
dazolium iodides [1][I]—[8][1] were prepared by reacting
N-ferrocenylimidazole with the corresponding iodoalk-
anes. These iodide salts were liquids except for the methyl
and ethyl derivatives, and were generally unstable with
respect to light, probably due to photodecomposition.*
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Table 1. Intramolecular Charge-Transfer Absorption Maxima, Er(30) Values,
and the Corresponding Dimensionless Er™ Values

compd Amax (nmM) E+(30) (kcal mol™") EN
[1][TFSA] 550 52.0 0.657
[2][TFSA] 570 50.2 0.601
[4][TFSA] 578 49.5 0.579
[6][TFSA] 582 49.1 0.569

TFSA salts were obtained by metathesis of the iodide salts
and LiTFSA in water, with the TFSA salts separating
from the water layer as red-brown liquids. The yields for
[1][TESA]—[8][TFSA] (99—35%) decreased with increas-
ing alkyl chain length because separation from the water
phase became less efficient. The TFSA salts were obtained as
liquids, but it was found by DSC measurements (vide infra)
that they are in a supercooled state at room temperature.
[SIITFSA]—[7][TFSA] did not crystallize at low tempera-
ture, while the other liquids could be crystallized by repeat-
edly applying external stimuli at low temperatures. A single
crystal of [4][TFSA], which was grown by careful recrystal-
lization, was subjected to X-ray structure analysis (vide
infra). [1][PFg]—[8][PF¢] were also prepared by metathesis
and were obtained as yellow crystalline solids. The TFSA
and PF salts were soluble in polar organic solvents and
insoluble in water and nonpolar organic solvents. Although
these salts were sufficiently stable, decomposition occurred
gradually when the salts were dissolved in dimethyl sulfoxide
or exposed to UV light.

E+ " values for the TFSA salts were estimated using the
absorption maximum (A,,,¢) of the lowest-energy band of
the Reichardt’s dye 2,6-diphenyl-4-(2,4,6-triphenyl-N-pyri-
dino)phenolate when dissolved in these liquids.*'* B
correlates with the acceptor number (AN) of the solvents,
ranging from 1 (water) to 0 (TMS). The determined E™
values are listed in Table 1 and range from 0.657 for
[1][TFSA] to 0.569 for [6][ TESA]. These values are compar-
able to those of alcohols and typical imidazolium-based ILs
(ExN=0.5—0.7).*'* The polarity decreased with increasing
alkyl chain length, which is probably due to the increase
in the size of the nonpolar moieties. A similar tendency has
been reported for 1-alkyl-3-methylimidazolium salts with
TFSA ([C,mim][TFSA]), in which the £~ values ranged
from 0.670 for Cymim to 0.630 for Cgmim.** The smaller
values for the present salts are probably ascribable to the
strong electron releasing ferrocenyl substituent, which de-
creases the charge density on the imidazolium cation, thereby
reducing the acceptor ability of the solvent.

Melting Points and Glass-Transition Temperatures.
Melting points (77,) and glass-transition temperatures (7)
of the TFSA and PFj salts determined by DSC analysis are
summarized in Table 2. In most of the salts, no crystallization
occurred in the cooling run (10 K min™") from the liquid
state and only glass transitions were observed, while [8]-
[TESA], [1][PFg], [7][PF¢], and [8][PFg] crystallized with a
thermal hysteresis of 30—50 K.

The T,, of the TFSA salts ranged from 34.6 °C for
[1][TFSA] to 50.1 °C for [4][TFSA], as plotted in Figure 2,
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Figure 2. Melting points (7},,) and glass-transition temperatures (7,) of
1-ferrocenyl-3-alkylimidazolium salts plotted against alkyl chain lengths.
Plots include Ty, (®) and T, (a) of TFSA salts, and T, (O) and T, (2) of
PFg salts.

Table 2. Melting Points (7,), Glass-Transition Temperatures (7), and Relevant
Thermodynamic Parameters of the TFSA and PFg salts of 1-8

T, AH AS T,

compd  (°C)  (KImol™) (mol 'K () TyTw
[ITESA] 3456 15.6 50.4 355 0772
RITFSA] 376 12.6 402 —87 0742
BITFSA] 439 13.6 038 —440 0723
[4]TFSA]  50.1 30.6 94.4 —457 0704
[SI[TFSA] —50.4
[6] TFSA] —547
[7]TFSA] —545
BITFSA]  40.0 52.6 166.4
[J[PE] 1472 22 57.3
RIPE] 1232 244 613 220 0.695
4PE] 877 18.5 50.8 62 0.740
[6]PE] 670 22 64.7 ~175 0752
[7PE] 942 346 93.7 —55 0729
BPF] 1062 413 108.5

and are higher by ca. 13—54 K than those of the correspond-
ing [C,mim][TFSA].*>*¢ This difference is attributed to the
increased molecular volume and weight of the ferrocenyl
group. In contrast with [C,mim][TFSA],*’ the melting
points of the TFSA salts increased with increasing alkyl
chain length, which is probably due to the apparent
increase of symmetry with respect to the imidazolium
ring. Additionally, the melting points may be affected by
the packing efficiency, which is possibly correlated with alkyl
chain length. For example, the matching of the size of the
TFSA anion and the butyl substituent in [4][TFSA] seemed
to afford closer packing in the crystal (vide infra). Conver-
sely, the glass transition temperatures decreased with increas-
ing alkyl chain length similar to the case of [C,mim]-
[TFSA].*’ The different dependence of T, and T}, on alkyl
chain length is a characteristic feature of these salts. In the
PF salts, however, T, and T, exhibited the same trend. With
increasing alkyl chain length, 7}, decreased for C;—Cjg from
147 °C ([1][PF¢)) to 67 °C ([6][PF¢]) and subsequently
increased, and 7, followed the same trend. This tendency
resembles that of [C,,mim][PF],* but the decrease of T},
for C;—Cg is only about one-third of that observed for
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Figure 3. Dependence of the total entropies of [1][TFSA]—[8][TFSA]
(®) and [1][PF¢]—[8][PF¢] (O) on alkyl-chain length.

Table 3. Data for Crystalline Phase Transitions

crystalline T AH AS
compd phase (°O) (kJ mol™") (Imol 'K

[1][TFSA] n—1 —259 2.5 10.2
[8][TFSA] n“—1 12.8 —9.5 —33.0

[1][PF¢] nm—1I 119.9 33 8.3
[6][PF¢] nm—1I —26.5 26.7 10.6
[71[PF¢] I—1 16.2 3.7 12.6

[8][PF¢] nr—1u 38.4 2.4 7.6

nm—1I 58.2 32 9.3

I—1V 40.9 4.6 14.8

IV—I 344 44 14.0

“Metastable phase.

[C,mim][PFg], resulting in a much higher 7;,. An empirical
relationship 7/ 7, =2/3 is known to hold generally for mole-
cular compounds™ including [C,mim][ TFSA] and [C,,mim]-
[PF¢].**" In the present salts, deviation from this relationship
became larger for TFSA salts with shorter chains and PFg salts
with longer chains (Table 2). The T}, and T, of [1][TFSA]
are lower than those of [1-(ferrocenylmethyl)-3-methyl-
imidazolium][TFSA] (T, = —32.2 °C) and [(ferrocenyl-
methyl)trimethylammonium][TFSA] (T, = 89 °C) by ca.
50—55 °C,'” whereas the T}, of [1][PF4] (147 °C) is much
higher than that of [1-(ferrocenylmethyl)-3-methylimida-
z0le][PF¢] (T, = 66—68 °C).*

The alkyl-chain-length dependence of the total entro-
pies of the TFSA and PFq salts is shown in Figure 3. Total
entropy was defined as the sum of the transition entropies
as the salts changed from the stable phase to liquids. With
increasing alkyl chain length (C4—C¢), the entropies of
the PF salts increased by 6.2 J mol ' K ! per one methyl-
ene group, and the same trend seemed to hold for the
TFSA salts based on the comparison of [4][TFSA] and
[8][TFSA]. These values are smaller than the entropy
changes found for [C,mim][TFSA], which increased by
9.3 J mol™" K~' per one methylene group.’*>* This
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Butterworth: London, 1960; Vol. 7, p 38.
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Table 4. Viscosities, Activation Energies, and Parameters of the VFT Equations for the TFSA Salts

7 at25°C E,
compd (mPa s) (kJ mol™") Ty (°C) 10 (Pa's) 7y (MPa s) D
[1[TFSA] 3499 91.9 —63.1 4.80 % 107* 979 3.72
[2][TFSA] 1267 772 —84.0 121x107* 4.86 5.34
[SI[TFSA] 1163 59.1 —-118.2 2.31x107° 0.193 10.00
[6][TFSA] 1382 67.1 —129.7 501 x107° 0.831 13.53
[C4mim][TESA]" 49 31.3 —108.5 4.65
[butyferrocenium][TFSA]? 112 38.8 —106.8 3.33x107* 4.61

“See ref 56. ? See ref 57.

difference is probably due to the larger molecular
volumes of the ferrocenyl salts, for which thermal contri-
butions from the alkyl group are less important.

Phase transitions were observed in the solid state in [1]-
[TFSAL [8][TFSAL [1][PFg], and [6][PF¢]—[8][PF¢], whereas
no other salts exhibited phase transitions down to —180 °C.
Table 3 shows the data for the crystalline phase transitions in
each salt. Most salts exhibited two crystalline phases, de-
noted as I and II, where II is the low-temperature phase. In
[8][TFSA], a metastable phase was observed. On cooling at 2
K min~", crystallization of the liquid occurred at —7.0 °C to
form a metastable phase (phase II), and heating of this phase
led to an exothermic transition to phase I, followed by melt-
ingat40.0 °C. Crystals of phase I was obtained by recrystalli-
zation. In [8][PF], there were three stable crystalline phases
(I, 1, TIT) and a metastable phase (IV). A schematic Gibbs
free energy diagram for [8][PFg] is shown in Figure S1 in the
Supporting Information. Cooling from the liquid state pro-
duced a solid (phase III) due to supercooling, and upon
heating this phase transformed to phase II, then phase I, and
then melted. Cooling of phase I led to the metastable phase
IV due to supercooling (DSC traces are shown in Figure S2
in the Supporting Information). Although some imidazo-
lium salts exhibit plastic phases® and liquid crystal phases,>
such phases were not observed in the present salts.

Viscosities. Viscosities of the TFSA salts at 25 °C for [1]-
[TFSA], [2][TFSA] [S][TFSA], and [6][TFSA] were 3499,
1267, 1163, and 1382 mPa s, respectively (Table 4). The com-
pounds were confirmed to be Newtonian fluids. These
liquids were much more viscous than alkylimidazolium
(e.g., 49 mPa s for [C;mim][TFSA]*) and ferrocenium ILs
(e.g., 112 mPa s for [butylferrocenium][TFSA]*), and [1]-
[TESA] in particular was highly viscous. The temperature
dependence of the viscosities is shown in Figure S3 in the
Supporting Information. The activation energies (E,) deter-
mined from an Arrhenius approximation ranged from
91.9 kJ mol ™! for [1][TFSA] to 59.1 kJ mol ™" for [5][TFSA]
(Table 4). These values are two to three times larger than those
of alkylimidazolium™ and ferrocenium®’ salts (E, = 30—40
kJ mol™ "), and E, became smaller with increasing alkyl chain
length. The temperature dependence was further analyzed
based on a Vogel—Fulcher—Tammann (VFT) approxima-
tion>® (i = nyexp[DT,/(T — Tp)]), and the best-fit parameters
are listed in Table 4. It is reasonable that the T, values,
corresponding to the ideal glass-transition temperatures, were

(54) Zhou, Z. -B.; Matsumoto, H. Electrochem. Commun. 2007, 9, 1017—
1022.
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(58) Fulcher, G. S. J. Am. Ceram. Soc. 1925, 8, 339-355.

Table 5. Redox Potentials from Cyclic Voltammetry of [1][PF¢], [9][PFq],
N-Ferrocenylimidazole, and 4-Ferrocenyltriazole in 0.1 M n-Buy/NC10,—MeCN
(in ¥V vs FeCp,/FeCp,*)

Fc* [Azole group]™"°
compd E.° E.* Eip E.°
[1][PE] 027 034 031 —1.56
[9][PF] 032 039  0.36 —1.26
N-ferrocenylimidazole 0.10 0.17 0.14
4-ferrocenyltriazole ¢ 0.17 0.24 0.21
4-ferrocenyltetrazole ¢ 0.24 0.30 0.27
“See ref 63.
i 1x105 A
(a) 0.34
e 0.27
=
s ~156
£ 0.39
g ®
S
(&
0.32
-1.26

20 15 -10 -05 00 05 1.0
Potential (V)

Figure 4. Cyclic voltammograms of (a) [1][PF4] and (b) [9][PF4] in
acetonitrile (vs FeCp,/FeCp, ™).

lower than the 7, values observed by the DSC measurements.
The D values, indicating the degree of deviation from
Arrhenius behavior,” increased with increasing alkyl chain
length. A similar tendency of VFT parameters has been
reported for the electrical conductivities of 1-alkyl-3-methyl-
imidazolium tetrafluoroborate.®® The small values of D for
[1[TFSA] and [2][TFSA], which are comparable to [Cymim]-
[TFSA] and [butylferrocenium][TFSA] (Table 4), indicate
that they are fragile liquids,®"** whereas the larger values for
[SIITFSA] and [6][TFSA] indicate less fragility.

Redox Properties. The redox properties of [1][PFg],
[9][PF¢], N-ferrocenylimidazole, and 4-ferrocenyltriazole
in acetonitrile solution were investigated using cyclic vol-
tammetry. Table 5 lists the measured redox potentials of the
ferrocenyl and azolium moieties. Figure 4 shows the cyclic
voltammograms of [1][PF] and [9][PF¢]. Reversible redox

(59) Harris, K. R.; Kanakubo, M.; Woolf, L. A. J. Chem. Eng. Data 2007,
52, 2425-2430.

(60) Leys, J.; Wiibbenhorst, M.; Menon, C. P.; Rajesh, R.; Thoen, J.;
Glorieux, C.; Nockemann, P.; Thijs, B.; Binnemans, K.; Longuemart, S.
J. Chem. Phys. 2008, 128, 064509.

(61) Angell, C. A. J. Non-Cryst. Solids 1985, 73, 1-17.
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Figure 5. UV—vis absorption spectra of [1][PF¢] (solid line) and
N-ferrocenylimidazole (dashed line) in dichloromethane.
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Figure 6. Schematic illustration of photoinduced charge-transfer in
ferrocenylazolium cations (X = CH or N).

waves for the ferrocenyl moieties were observed at £, =
0.31 and 0.36 V (vs FeCp,/FeCp, "), respectively, which are
higher than those for N-ferrocenylimidazole and 4-ferro-
cenyltriazole® by ca. 0.16 V. This result is consistent with the
formation of azolium cations. For [1][PFg] and [9][PF], irre-
versible redox waves for the azole moieties were observed at
E, = —1.56and —1.26 V, respectively. The redox potential
of [1][PF¢] and N-ferrocenylimidazole are lower than that of
[9][PF¢] and 4-ferrocenyltriazole by ca. 0.06 V, which reflects
the weaker electron-withdrawing effect of imidazole.

UV—Vis Absorption Spectra. The UV —vis absorption
spectra of [1][PF¢] and N-ferrocenylimidazole in dichloro-
methane solutions are shown in Figure 5. The broad absorp-
tion band at A,,,,x = 328 nm in [1][PF¢], which is absent in
N-ferrocenylimidazole, is assignable to a CT band from the
ferrocenyl moiety to the imidazolium moiety (Figure 6). The
absorption bands at around 270 and 442 nm are 7—x*** and
d—d transitions,” respectively, with the latter probably
mixed with d—s* transitions. No absorption bands were
observed in the longer wavelength region up to 1800 nm. The
spectrum of [1][TFSA] in dichloromethane was identical to
that of [1][PF¢]. The CT band in [9][PF¢] was observed at a
longer wavelength (1.« = 334 nm), which corresponds to
the stronger electron accepting ability of the azole moieties,
as seen in the electrochemical analysis. CT bands of donor—
acceptor molecules are often observed at longer wave-
lengths. A ferrocene—viologen comg)ound, for example,
exhibits CT bands at around 600 nm.®° In the present salts,
however, the absorption bands were observed at higher ener-
gies because of the weaker electron affinity of the imidazo-
lium moiety.

Spectral data for [1][PFg] in various solvents are summar-
ized in Table 6. CT bands in tetrahydrofuran, acetonitrile,

(63) Mochida, T.; Shimizu, H.; Suzuki, S.; Akasaka, T. J. Organomet.
Chem. 2006, 691, 4882-4889.

(64) Camire, N.; Mueller-Westerhoff, U. T.; Geiger, W. E. J. Onganomet.
Chem. 2001, 637—639, 823-826.

(65) Rosenblum, M.; Santer, J. O.; Howells, W. G. J. Am. Chem. Soc.
1963, 85, 1450-1458.

(66) Nishikitani, Y.; Uchida, S.; Asano, T.; Minami, M.; Oshima, S.; Ikai,
K.; Kubo, T. J. Phys. Chem. C 2008, 112, 4372-4377.
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and methanol, which are solvents with higher donor num-
bers, exhibited a blue-shift by about 10 nm compared with
the spectra in dichloromethane, whereas the 7—z* transi-
tions were solvent-independent. CT bands often exhibit a
large solvent effect,%” but the effect in the present salts was
smaller than typically seen due to the large excitation
energy, which made the solvent effect relatively small. In
dichloromethane solution, the CT band of [1][TFSA] ap-
peared at about the same position as [1][PF¢] (Amax = 332
nm), whereas in the neat liquid, the band was observed at
Amax = 320 nm, as was seen in the methanol solution.
Because the solvent polarity of the salt is comparable to that
of methanol, this result is probably due to the solvent effect
of the ionic liquid itself.

Analysis of Photoinduced Electron Transfer. Photoin-
duced intramolecular electron-transfer in a molecular
system is often analyzed based on the Marcus—Hush
model using v, = AG + A, where AG, 4, and hv,,,
are the free energy difference, reorientation energy, and
energy of the charge-transfer absorption band,
respectively.’>%® This model was applied to the present
salts. The delocalization coefficient a was estimated
based on a? = 4.24 x 10™* £,,, AV} o/ (hWVaxr”), Where
¥, Vmax> AV )2, and &, are the distance between D and
A centers, the wavelength of maximum absorption for
the CT band, the absorption bandwidth at half-height,
and the molar absorbance coefficient, respectively. The
distances between Fe and N_p. determined by X-ray
structure analyses of [1][PF4] and [9][I] (vide infra) were
tentatively used as the values of r, 3.094 and 3.126 A,
respectively. The oscillator strength f'of the CT band was
calculated as f=4.6x107"° smafo/l/zfg and the effective
electronic coupling Vp_a (donor—acceptor coupling
term) was estimated by the Hush formula, or Vp_ =
O max. 28 AG s approximated as the difference between
the redox potentials of the ferrocenyl moiety and the
azolium moiety (AE). Table 7 shows the parameters
obtained for 1 and 9 by using these fomulae. The
differences in their CT energies consistently reflect the
electron-withdrawing effect of the azolium moieties. The
differences, however, are smaller than the redox poten-
tial differences, which is possibly due to the differences in
the reorientation energies A and their electronic struc-
tures. As expected, these salts were confirmed to be
unsymmetrical class II mixed-valence complexes,””
whose o values are in the range of 0—0.5. Values for
Vp—a thus obtained are much larger than those in
related systems such as aza-substituted ferrocenes
and diferrocenylpolyenes,”’ whose Vp_, are about
500—600 cm ™', This result suggests a large D—A inter-
action in the present salts, resulting predominantly from
the large excitation energy. The values of o are also
larger than those in the related systems.

Crystal Structures. To obtain structural information,
we determined crystal structures for [1][PFg], [4][TFSA],
and [9][I]. The structures of the cations in these salts are

(67) Reichardt, C. Chem. Rev. 1994, 94, 2319-2358.

(68) Hush, N. S. Coord. Chem. Rev. 1985, 64, 135-137.

(69) Zhu, Y.; Wolf, M. O. J. Am. Chem. Soc. 2000, 122, 10121-10125.

(70) Robin, M. B.; Day, P. Adv. Inorg. Chem. Radiochem. 1967, 10, 247—
422,

(71) Ribou, A. -C.; Launay, J. -P.; Sachtleben, M. L.; Li, H.; C. W.
Spangler, C. W. Inorg. Chem. 1996, 35, 3735-3740.
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Table 6. Spectral Data for [1]TFSAL [1][PF], and [9][PF]

compd solvent sr—ar* transition (nm) CT band (nm) ecr (Lmmol 'em™) d—d transition (nm) £4—a(L mmol ' em™")
[J[TFSA]  CH,Cl, 268¢ 332 1.052 438 0.403
(neat) 264 320 440
[1][PFg] CH;0H 268 320 1.078 436 0.296
CH;CN 268 318¢ 0.990 438 0.260
CH,Cl, 270¢ 328 0.929 442 0.246
THF 268 318 0.945 436 0.219
[9][PF¢] CH,Cl, 266 334 0.918 434 0.312
“Shoulder.
Table 7. Parameters Related to Photoinduced Intramolecular Electron Transfer (See Text)
compd  AEpea, (V) AG(em™')  pe(em™)  A(em™) g MT'em™)  APp(emT)  fx 100 Vpoa(em ™) o
[1][PFg] 1.834 14792 30488 15696 929 69444 297 9338 0.31
[9][PF¢] 1.582 12760 30120 17361 918 56818 240 8260 0.27

shown in Figure S4 in the Supporting Information. In these
molecules, Fe—C(Cp) bond lengths were typical of mono-
substituted ferrocenes,”” and the Fe—Ca(Cp) distance,
where C is the carbon to which the azole ring is attached,
were the shortest among them. The Cp rings of the
ferrocenyl moieties exhibited an eclipsed conformation.
The torsion angles between the azole ring and the adjacent
Cp ring varied between 24.1(2) and 37.10(9), suggesting
that the torsion angle is susceptible to intermolecular
packing forces. The butyl substituent in 4 exhibited an
all-trans conformation. There were no intermolecular
contacts between the alkyl groups. In all of the structures,
the ferrocenyl moieties of the neighboring molecules were
orthogonal with each other, and no direct intermolecular
s—a contacts were found.

The packing diagram of [4][TFSA] is shown in Figure 7a.
The anions and cations were alternately arranged in the
crystal. The anion adopted a frans configuration. This salt
exhibited short hydrogen-bond-like CH- - - O intermolecular
contacts of 2.351(1) A between the imidazolium hydrogen at
the C5 position and an oxygen atom of the anion, which is
notably shorter than the sum of the van der Waals (vdW)
radii (2.72 A) by 0.37 A. There was also another short
H(Cp) - * * Oanjon contact of 2.333(1) A. These short contacts
formed a one-dimensional chain network along the a axis
(Figure 7a, dashed lines). There were other contacts between
the anion and imidazolium hydrogens of adjacent cations
(CH: -0 =2.595(1) A, 2.554(1; A,2.563(1) A). Hydrogen-
bond-like CH- - - X interactions’> between the hydrogen at
the C2 position of the cation and an electronegative atom of
the anion, which is associated with the high acidity of the
hydrogen,™ are often seen in the crystal structures of imida-
zolium salts. For example, short contacts such as CH- - - F =
2.49(2) A in [Emim][PF¢” and CH---I = 2928 A in
[Emim][I]’® are found, which are shorter than the vdW dis-
tances by 0.18 A and 0.252 A, respectively. In [4][TFSA],

(72) Lousada, C. M.; Pinto, S. S.; Lopes, J. N. C.; Piedade, M. F. M.;
Diogo, H. P.; Piedade, M. E. M. J. Phys. Chem. A 2008, 112,2977-2987.

(73) Desiraju, G. R.; Steiner, T.; The Weak Hydrogen Bond in Structural
Chemistry and Biology; IUCR Monographs on Crystallography 9; Oxford
University Press: Oxford, U.K., 1999.

(74) Fuller, J.; Carlin, R. T.; Long, H. C. D.; Haworth, D. J. Chem. Soc.,
Chem. Commun. 1994, 299-300.

(75) Reichert, W. M.; Holbey, J. D.; Swatloski, R. P.; Gutowski, K. E.;
Visser, A. E.; Nieuwenhuyzen, M.; Seddon, K. R.; Rogers, R. D. Cryst.
Growth Des. 2007, 7, 1106-1114.

(76) Abdul-Sada, A. K.; Greenway, A. M.; Hitchcock, P. B.; Mohammed,
T.J.;Seddon, K. R.; Zora, J. A. J. Chem. Soc., Chem. Commun. 1986, 1753-1754.

however, the contact involving the C2 hydrogen (2.595(1) A)
was longer than the other contacts.

Packing diagrams for [1][PF¢] and [9][I] are shown in
diagrams b and c in Figure 7, respectively. In terms of
intermolecular interaction, both salts formed layerlike
structures in which the azolium moiety and the anion
constructed an ionic 2D network structure via intermole-
cular contacts shorter than the vdW distances. In [1][PFg],
CH- - -F contacts (2.491(1) A) involving the C2 hydrogen
and C,,.* * +F contacts formed the ionic layer in the ab
plane, to which ferrocenyl moieties are attached as pendants
to form neutral layers. In [9][I], the iodide ion was placed
above the azole ring of the nearest cation and contacted by
two azole hydrogens of neighboring cations (CH:--1 =
2.9933(9) A, 3.0054(9) A) (see Figure S5 in the Supporting
Information). There are similar CH - - - X interactions in the
crystals of [C,mim][I] and related halides,”” but no network
structure is formed in [Emim][1], which consists of an ion-
pair joined by two CH- - - I interactions.”® Dialkylimidazo-
lium salts such as [Mmim][TFSA]'" and those with long
alkyl chains® exhibit layerlike structures. We expected that
the CH - - - X interactions might become weaker because of
a decrease in the acidity of the hydrogens resulting from the
presence of the electron-releasing ferrocenyl substituent,
but no such tendency could be detected from these structur-
al investigations.

Conclusion

A series of imidazolium-based ILs with a ferrocenyl sub-
stituent have been prepared. These salts exhibited higher
melting points and higher viscosities as compared with usual
dialkylimidazolium salts. The compounds are redox active
salts with ferrocene as the donor moiety and the azolium
cation as the acceptor moiety. Corresponding charge-trans-
fer absorption bands were observed and interpreted using the
Marcus—Hush model, and the interaction between the donor—
acceptor was found to be strong. These electrochemical
and photophysical properties reflect the stronger electron
withdrawing property of triazole compared to imidazole.
Crystal structure determinations revealed that these salts
exhibited network structures via CH:--X contacts (X =
0O, F, and I). The imidazolium salts may be useful for the
investigation of photoinduced electron transfer in the neat

(77) Elaiwi, A.; Hitchcock, P. B.; Seddon, K. R.; Srinivasan, N.; Tan, Y. -M.;
Welton, T.; Zora, J. A. J. Chem. Soc., Dalton Trans. 1995, 3467-3472.
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Figure 7. Packing diagrams of (a) [4][TFSA], (b) [1][PF¢], and (c) [9][1].
Dashed lines represent intermolecular short CH - - - O contacts. Hydrogen
atoms have been omitted for clarity in (b) and (c).

liquid state and also for applications such as redox active
liquids.

Experimental Section

General. N-Ferrocenylimidazole and 4-ferrocenyltriazole

. . 78,63
were prepared according to literature methods. Other sol-
vents and reagents were commercially available. Modifica-
tion of the procedure for synthesis of N-ferrocenylimidazole,

(78) (")zqubuk(;u, S.; Schmitt, E.; Leifert, A.; Bolm, C. Synthesis 2007, 3,
0389-0392.
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including the use of twice the amount of solvent and a higher
reaction temperature (100 °C) for a longer time (2 days) followed
by crystallization via slow evaporation of an ether solution led
to an increase in the yield from 31%7® to 62%. "H NMR spectra
were recorded on a JEOL JNM-ECL-400 spectrometer. Ele-
mental analyses were performed using a Yanaco CHN coder
MT-5. Viscosities were measured with a Toki Sangyo TV-22
viscometer using a 3° x R7.7 cone rotor. DSC measurements
were performed using a TA Instrument Q100 differential scan-
ning calorimeter. UV—vis absorption spectra were recorded on a
JASCO V-570 UV/VIS/NIR spectrophotometer. UV —vis absorp-
tion spectra of neat ILs were measured by using thin quartz
plates. Cyclic voltammograms were recorded with an ALS/chi
electrochemical analyzer model 600A. Redox potentials were
measured at a scan rate of 0.1 V s~ ! in acetonitrile containing
0.1 mol dm™* n-BuyNCIO, as the supporting electrolyte. An
Ag/Ag" reference electrode and a platinum working electrode
were used, and the potentials were referenced to a FeCp,/
FeCp, " couple.

X-ray Structure Determinations. Single crystals of [4][TFSA]
suitable for X-ray analysis were obtained by the diffusion
method (n-hexane/dichloromethane). Other crystals were
obtained by slow cooling of saturated solutions: [1][PF] from
ethanol, and [9][I] from acetonitrile. X-ray diffraction data were
collected on Bruker CCD diffractometers (APEX II ultra and
Smart 1000) using MoKa radiation (A = 0.71073 A). The data
were corrected for absorption by using the SADABS program.”®
The structures were solved by direct methods (SHELXS 97%°)
and expanded using Fourier techniques. The non-hydrogen
atoms were refined anisotropically. Crystallographic para-
meters are listed in Table 8. The ORTEP-3 program was used
for molecular graphics.®! CCDC-775317 (for [1][PFq]), -680034
(for [9][1]), and -775316 (for [4][TFSA]) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

1-Ferrocenyl-3-methylimidazolium Salts ([1][X]; X = I, TFSA,
PF¢). (a) 1-Ferrocenyl-3-methylimidazolium iodide ([1][I]).
Under a nitrogen atmosphere, N-ferrocenylimidazole (96.0 mg,
0.381 mmol) was dissolved in iodomethane (4 mL) and the solution
stirred for 3 h at room temperature. The precipitated product was
collected by filtration, washed with ether, and vacuum-dried to
provide an orange powder in 97.4% yield (146 mg). The product
was recrystallized three times from ethanol. Mp 194 °C. '"H NMR
(400 MHz, DMSO-ds, ppm) 0=3.88 (s, 3H), 4.31 (s, 5H), 4.41 (t, 2H,
J=2.0Hz),5.02 (t,2H, J=2.0 Hz), 7.85 (s, 1H), 8.14 (s, IH), 9.55 (s,
1H). Anal. Found: C, 42.79; H, 3.81; N, 6.68%. Calcd for C4H;s-
FeFeNyI: C, 42.67; H, 3.84; N, 7.11%. (b) 1-Ferrocenyl-3-methyl-
imidazolium TFSA ([1][TFSA]). An aqueous solution of LiTFSA
(90.2mg, 0.314 mmol) was added dropwise to an aqueous solution of
[1][1] (79.3 mg, 0.201 mmol), and the solution was stirred for a few
hours at room temperature. A red-brown oil separated from the
water phase. The mixture was extracted with dichloromethane and
the organic layer washed with water and dried over magnesium
sulfate. The solvent was then evaporated under reduced pressure
and the product vacuum-dried at 80 °C for 24 h to give a red-brown
oil in 99.0% yield (109 mg). The salt crystallized when allowed to
stand at room temperature after being cooled once to —50 °C. Mp
34.6 °C (DSC). '"H NMR (DMSO-dg, ppm) 6 = 3.88 (s, 3H), 4.31
(s, 5SH), 4.40 (t,2H, J = 1.8 Hz), 5.02 (t, 2H, J = 1.8 Hz), 7.85 (s,
1H), 8.13 (s, 1H), 9.54 (s, IH). Anal. Found: C, 35.21; H, 2.97; N,
7.59%. Calcd for C16H15F6FCN304SZZ C, 35.1 1, H, 276, N, 7.68%.
(¢) 1-Ferrocenyl-3-methylimidazolium hexafluorophosphate ([1]-
[PF¢)). [1][1] (83.0 mg, 0.211 mmol) was dissolved in a small amount

(79) Sheldrick, G. M. SADABS,; Program for Semi-empirical Absorption
Correction; University of Gottingen: Gottingen, Germany, 1996.
(80) Sheldrick, G. M. Program for the Solution for Crystal Structures;

University of Gottingen: Gottingen, Germany, 1997.
(81) Farrugia, L. J. J. Appl. Crystallogr. 1997, 30, 565.
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Table 8. Crystallographic Parameters
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[4][TFSA]

empirical formula

fw (g mol ")

cryst syst

space group

a(A)

b(A)

c(A)

B(deg)

volume (A%

V4

dcalcd (g Cm73)

T (K)

u (mm™")

no. of reflns collected
no. of independent reflns
parameters

R\, wR,? (I > 20(1))
R\“, wR, (all data)
goodness-of-fit on F?
diffractometer

CioHy FsFeN3O4S,
589.36

monoclinic

P2,/c (No. 14)
9.7368(5)
20.6111(10)
11.8747(6)
97.649(1)

2361.9(2)

4

1.657

100

0.895

13377

4841 (Rine = 1.5%)
317

0.0238, 0.0622
0.0265, 0.0642
1.030

Smart 1000

[1][PF4] 911
C4H sFgFeN,P C3H 4FelN;
412.10 395.02
monoclinic monoclinic
P2,/n (No. 14) P2y/c (No. 14)
10.0122(14) 10.163(4)
7.8662(11) 13.981(5)
19.688(3) 9.696(3)
101.454(2) 98.553(5)
1519.7(4) 1362.4(8)

4 4

1.801 1.926

100 100

1.163 3.358

7019 15227

2675 (Rine = 1.5%)
218

0.0210, 0.0526
0.0223, 0.0536
1.068

APEX II ultra

5587 (Rine = 4.0%)
164

0.0424, 0.1063
0.0519, 0.1127
1.082

APEX II ultra

“ Ry =S| Fo| = Fell/SIF. " wRy = [Sw(Fy" — F2)2w(Fo7)1.

of water. To this solution was added dropwise an aqueous solution of
NaPFg (62.0 mg, 0.369 mmol) followed by stirring for a few hours. A
yellow powder precipitated and was collected by filtration and
vacuum-dried. The product was recrystallized from ethanol as yellow
needles in 76.4% yield (66.3 mg). Mp 147.2 °C (DSC). '"H NMR
(DMSO-ds, ppm) 6 = 3.88 (s, 3H), 4.31 (s, SH), 441 (t, 2H,
J = 20Hz), 5.02 (t, 2H, J = 1.9 Hz), 7.85 (s, 1H), 8.13 (s, IH),
9.55 (s, 1H). Anal. Found: C, 40.83; H, 3.64; N, 6.72%. Calcd for
Ci4H;5FsFeN,P: C, 40.80; H, 3.67; N, 6.80%.

1-Ferrocenyl-3-ethylimidazolium Salts ([2][X], X = TFSA,
PFg). (a) 1-Ferrocenyl-3-ethylimidazolium TFSA ([2][TFSA)).
[2][1] was prepared as described for [1][I]. The reaction was
carried out at 45 °C for 4 h to give a yellow powder in 92.4%
yield. "H NMR (DMSO-dg, ppm) 6 = 1.49 (t, 3H, J = 7.2 Hz),
4.23 (q, 2H, J = 7.2 Hz), 4.31 (s, SH), 4.41 (t, 2H, J = 1.8
Hz), 5.03 (t, 2H, J = 2.0 Hz), 7.97 (s, 1H), 8.18 (s, 1H), 9.59 (s,
1H). The TFSA salt was prepared as described for [1][TFSA],
except that the product was washed with hexane several times
under sonification, extracted with dichloromethane, purified
through a short plug of alumina, and then vacuum-dried at
80 °C to give a red-brown oil in 86.5% yield. Crystallization
occurred when the oil was placed in a plastic bottle and stored
in a freezer. Mp 37.6 °C (DSC). '"H NMR (DMSO-d;, ppm)
0 =149(t,3H,J = 7.4Hz),4.22(q, 2H, J = 7.3 Hz), 4.31 (s,
5H), 4.41 (t,2H,J = 1.8 Hz), 5.03 (t,2H,J = 1.8 Hz), 7.97 (s,
1H), 8.17 (s, 1H), 9.58 (s, IH). Anal. Found: C, 36.26; H, 3.04;
N, 7.49%. Calcd for C7H ;F¢FeN304S,: C, 36.38; H, 3.05; N,
7.49%. (b) 1-Ferrocenyl-3-ethylimidazolium hexafluorophos-
phate ([2][PF¢]). This salt was prepared as described for [1][PFg]
and recrystallized from ethanol to give a yellow powder in
65.2% yield. Mp 123.2 °C (DSC). '"H NMR (DMSO-ds, ppm)
0 =149(t,3H,J = 7.4Hz),4.22(q,2H, J = 7.3 Hz), 4.31 (s,
5H), 4.41 (t,2H,J = 2.0 Hz), 5.03 (t, 2H, J = 2.0 Hz), 7.96 (s,
1H), 8.17 (s, 1H), 9.58 (s, IH). Anal. Found: C, 42.13; H, 4.32;
N, 6.57%. Calcd for C|5H|7F()FGN2PZ (j7 4228, H, 402,
N, 6.57%.

1-Ferrocenyl-3-butylimidazolium Salts ([4][X]; X = TFSA,
PFg). (a) 1-Ferrocenyl-3-butylimidazolium TFSA ([4][TFSA]).
[4][1] was prepared by using toluene as a solvent: iodo-n-butane
(2.67 g, 14.5 mmol) was added dropwise to a solution of
N-ferrocenylimidazole (254 mg, 1.01 mmol) in toluene (50 mL)
with stirring. This solution was refluxed for 20 h under a
nitrogen atmosphere. After cooling the solution, a dark-brown-
ish powder precipitated, which dissolved after addition of water
and toluene followed by warming. The muddy yellow aqueous
layer containing the iodide was separated and used for the next

step. "H NMR (DMSO-dg, ppm) 6 = 0.93 (t, 3H, J = 7.6 Hz),
1.31 (se, 2H, J = 7.2 Hz), 1.85(q, 2H, J = 7.6 Hz), 4.19 (t, 2H,
J = 7.2Hz),4.30 (s, 5H), 4.41 (t, 3H, J = 7.2 Hz), 5.04 (t, 2H,
J =2.0Hz),7.97 (s, 1H), 8.18 (s, 1H), 9.62 (s, |H). The TFSA salt
was prepared as described for [2][TFSA] to give a red-brown oil in
77.2% yield (459 mg). Crystallization occurred when the oil was
scratched in a bottle to give red-brown crystals. Mp 50.1 °C (DSC).
"H NMR (DMSO-dq, ppm) 6 = 0.93 (t, 3H, J = 7.4 Hz), 1.31 (m,
2H), 1.85 (qu, 2H, J = 7.5 Hz), 4.19 (t, 2H, J = 7.4 Hz), 4.30 (s,
SH),4.41(d,2H,J = 2.0 Hz), 5.04 (t,2H, J = 2.0 Hz), 7.96 (s, 1H),
8.18 (s, 1H), 9.61 (s, 1H). Anal. Found: C, 38.84; H, 3.57; N, 6.85%.
Calcd for C19H21F6F6N3O4S_2: C, 3872, H, 359, N, 7.13%. (b)
1-Ferrocenyl-3-butylimidazolium hexafluorophosphate ([4][PFg)).
This salt was prepared as described for [1][PFg), except that the
product was extracted with dichloromethane, washed with water,
dried over magnesium sulfate, washed with hexane for several times
under sonification, extracted with dichloromethane, purified
through a short plug of alumina, and vacuum-dried at 80 °C to
give a yellow powder in 76.1% yield. Crystallization occurred when
the oil was stored in a freezer. Mp 87.7 °C (DSC). '"H NMR
(DMSO-ds, ppm) 6 = 0.93(t,3H,J = 7.4 Hz), 1.31(q,2H,J = 7.6
Hz), 1.85 (qu, 2H, J = 7.5 Hz), 4.19 (t, 2H, J = 7.2 Hz), 4.30 (s,
SH),4.41(t,2H, J = 2.0 Hz), 5.04 (t,2H, J = 1.8 Hz), 7.96 (s, 1H),
8.18 (s, 1H),9.62 (s, 1H). Anal. Found: C, 45.10; H,4.87; N, 6.21%.
Calcd for C7H, FgFeN,P: C, 44.96; H, 4.66; N, 6.17%.
1-Ferrocenyl-3-dodecylimidazolium Salts ([7][X]; X = TFSA,
PF). (a) 1-Ferrocenyl-3-dodecylimidazolium TFSA ([7][TFSA]).
[7[1] was prepared as described for [4][I]. After evaporation of
the solvent, methanol was added, and the mixture washed with
n-hexane. The methanol layer was separated and used for the
preparation of the TFSA salt. TFSA salt was prepared as described
for [1][TFSA]. The product was extracted with dichloromethane,
the organic layer washed with water, and the solvent evaporated.
The residue was dissolved in methanol, washed with hexane, and
the solvent evaporated. The residue was extracted with dichlor-
omethane, purified through a short plug of alumina, and vacuum-
dried at 80 °C to give a red-brown oil in 55.7% yield. "H NMR
(DMSO-dg, ppm) 0 = 0.85(t, 3H,J = 6.8 Hz), 1.23 (m, 18H), 1.87
(m,2H),4.18 (t,2H, J = 7.2 Hz),4.29 (s, 5H),4.41 (t,2H,J = 1.9
Hz),5.04 (t,2H,J = 2.1 Hz), 7.96 (s, 1H), 8.18 (s, IH), 9.62 (s, 1H).
Anal. Found: C, 46.81; H, 5.70; N, 5.90%. Calcd for C,7H3,F¢Fe-
N;0,4S5: C, 46.22; H, 5.32; N, 5.99%. (b) 1-Ferrocenyl-3-dodecy-
limidazolium hexafluorophosphate ([7][PFg]). This salt was pre-
pared as described for [7][TFSA], except that NaPF4 was used
instead of LiTFSA, and the product was vacuum-dried at room
temperature. The product was purified by slow diffusion of
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n-hexane into a dichloromethane solution to give a yellow powder
in 46.4% yield. Mp 94.2 °C (DSC). '"H NMR (DMSO-dq, ppm)
0 = 0.85(t,3H,J = 6.8 Hz), 1.23 (m, 18H), 1.86 (m, 2H), 4.18 (t,
2H,J = 7.4Hz),4.29 (s, 5H),4.41 (t,2H, J = 2.0 Hz), 5.04 (t, 2H,
J=2.0Hz),7.96(s, 1H), 8.18 (s, 1H), 9.62 (s, IH). Anal. Found: C,
52.98; H, 6.50; N, 4.93%. Calcd for CysH3,FsFeN,P: C, 53.01; H,
6.58; N, 4.95%.

1-Ferrocenyl-4-methyltriazolium Salts ([9][X]; X = I, PF¢). (a)
1-Ferrocenyl-4-methyltriazolium iodide ([9][1]). A mixture of
4-ferrocenyltriazole (37.1 mg, 0.147 mmol) and an excess of
iodomethane (4 mL) was refluxed under a nitrogen atmosphere
for 3 h. The precipitated product was collected by filtration,
washed with ether, and dried under a vacuum to give yellow
powdersin 72.7% yield. "H NMR (DMSO-d,, ppm) & = 4.09 (s,
3H), 4.37 (s, 5H), 4.46 (t, 2H, J = 2.0 Hz), 5.02 (t,2H, J = 2.0
Hz), 9.59 (s, 1H), 10.52 (s, 1H). Anal. Found: C, 39.69; H, 3.58;
N, 10.01%. Caled for C3H4FeNsI: C, 39.53; H, 3.57; N,
10.64%. (b) 1-Ferrocenyl-4-methyltriazolium hexafluoropho-
sphate ([9][PFg]). This salt was prepared as described for [1][PF]
to give a yellow powder in 83.7% yield. Mp 198 °C (dec.). 'H
NMR (DMSO-dg, ppm) 0 = 4.08 (s, 3H), 4.36 (s, SH), 4.44 (t,
2H,J = 1.8 Hz), 5.01 (t, 2H, J = 2.0 Hz), 9.57 (s, 1H), 10.49 (s,
1H). Anal. Found: C, 38.07; H, 3.63; N, 10.15%. Calcd for
C3H4FgFeNsP: C, 37.80; H, 3.42; N, 10.17%.

Miura et al.

Other salts ([3][TFSA], [S[TFSA], [6][ TFSA], [6][PF¢], [S][TFSA],
[8][PF4]) were prepared similarly (see the Supporting Information).
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