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Ruthenium-containing organometallic ionic liquids with sulfur-containing substituents were
developed, and the correlation between the structure and melting point was investigated. The
liquid salt exhibited reversible structural transformation upon the application of light and heat,

accompanied by a change in the ionic conductivity.



Highlights

- Ru-containing organometallic ionic liquids with butylthio substituents were synthesized.

- The effects of different anions on the melting point and crystal structure were investigated.
- The FSA salt exhibited a relatively high melting point owing to its dense crystal packing.

- The FTA salt underwent a photochemical reaction accompanied by conductivity changes.

ABSTRACT

Ionic liquids containing cationic Ru sandwich complexes exhibit diverse photochemical
reactions. To investigate the effect of sulfur-containing substituents and anions on the physical
properties and chemical reactivity of ionic liquids, we synthesized ionic liquids
[Ru(CsHs)(CsHsSBu)]X (X = anion) containing n-butylthio substituents. The salts with PFs and
(SO2F);N" (FSA) anions were solids with melting points of 74 and 64 °C, respectively. X-ray
crystallography of the FSA salt indicated that its relatively high melting point was because of
its dense crystal packing. The FSA salt exhibited an order—disorder phase transition at —97 °C.
The salt with the unsymmetrical (SO2F)(SO2CF3;)N™ (FTA) anion was a liquid and exhibited a
glass transition at =79 °C. Upon UV photoirradiation, the liquid underwent the structural
transformation of the cation with low conversion and transformed to a more viscous liquid with

lower ionic conductivity. The reaction was reversed upon heating via an intermediate state.

Keywords Ionic liquid; Crystal structure; Ruthenium complex; Phase transition;

Photochemical reaction; lonic conductivity



1. Introduction

Ionic liquids (ILs) have gained significant attention because of their properties such as
negligible vapor pressure, flame retardancy, and high ionic conductivity [1]. In recent years,
extensive studies have been conducted on ILs for their application as electrolytes and solvents.
Furthermore, several task-specific ILs exhibiting unique properties have been synthesized [1].
Metal-containing cations and anions are effective in incorporating the properties of the metal
complexes into their ILs [2]. We have previously synthesized ILs containing cationic
organometallic [3] and chelate complexes [4], which exhibited various properties such as
magnetism and chemical reactivity.

In recent years, modification of the physical properties of ILs by external stimuli has gained
attention because this strategy expands their scope of electronic applications [5]. We have
previously developed photoreactive Ru-containing ILs that exhibit reversible changes in ionic
conductivity and mechanical properties in response to the application of light and heat. Fig. 1
[6a] shows a schematic of the photochemical and thermal reactions for an IL containing three
cyanoalkyl substituents and a (SO2F)>N" (FSA) anion. Upon UV photoirradiation, dissociation
of the arene ligand occurs, followed by the coordination of the three cyano groups to the metal
ion to form a coordination polymer (Fig. 1). The reverse reaction occurs upon heating. The
mechanism for the photochemical reaction is based on the reactivity of the cationic Ru
sandwich complexes [7], and coordinating substituents are required for such reactions to occur.
For example, 2-FSA (Fig. 2a, middle; X = FSA) transforms to a viscous liquid upon UV
irradiation, which predominantly consists of a trinuclear complex bridged via -CN—Ru bonds
[6b]. However, 3-FSA with no coordinating substituent (Fig. 2a, right; X = FSA) is
photochemically inert [3b]. Although cyano substituents are effective for these reactions [8],
the investigation of other substituents is significant.

In this study, we investigated the effect of a sulfur-containing substituent in the cation on



the photochemical reaction of ILs. We synthesized ionic liquids [CpRu(CsHsSBu)]X (Cp =
CsHs, X = anion), where the anions were PF¢, FSA, and FTA ((SO2F)(SO2CF3)N"), and their
respective salts are abbreviated as 1-PFg, 1-FSA, and 1-FTA. We used the unsymmetric FTA
anion [9] because 1-FSA exhibited a relatively high melting point. The effects of the anions on
the melting point and crystal structure were discussed. Furthermore, we investigated the

photochemical reaction of liquid 1-FTA, which is accompanied by a change in ionic

conductivity.
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Fig. 1. Reversible structural transformation of a Ru sandwich complex upon the application of

light and heat [6a].
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Fig. 2. Structural formulae of (a) 1-X, 2-X, and 3-X (X = anion) and (b) the anions used in this

study. 2-X and 3-X (X = PFs, FSA) were used in previous studies [3b, 11].

2. Results and Discussion
2.1. Synthesis and Thermal properties

1-PFs was synthesized by the reaction of [CpRu(CH3CN)3]PFs with butylthiobenzene,



whereas 1-FSA and 1-FTA were obtained by anion exchange from the PFg salt. The results of
the differential scanning calorimetry (DSC) of the salts are summarized in Table 1. 1-PF¢ and
1-FSA were colorless crystals, whereas 1-FTA was a pale orange liquid; all these salts were
regarded as ILs with melting points below 100 °C.

1-PFs melted at 74.0 °C, and no crystallization occurred upon cooling from the melt,
exhibiting a glass transition at —45 °C. Upon heating from the glassy state, it changed to a liquid,
and then cold crystallization occurred over a temperature range of —10—35 °C. The ratio of glass
transition temperature (7) to melting point (7m) was 0.66, which was in agreement with the
empirical relationship (7/Tm = 2/3) for molecular liquids including ILs [10]. The DSC curve
of the salt is shown in Fig. S1 (ESI).

1-FSA melted at 64.4 °C. Unlike 1-PFsg, this salt crystallized at approximately —20 °C upon
cooling from the melt. This behavior was in contrast with that of 2-FSA and 3-FSA, which
exhibit only glass transition (at —60 and —82 °C, respectively) [3b,11]. In addition, 1-FSA
exhibited a phase transition at —96.7 °C (AS =2.9 J K™! mol !, Fig. 3), which was analyzed by
X-ray crystallography to be an order—disorder phase transition (see below).

1-FTA was a liquid at ambient temperature, and no crystallization occurred upon cooling.
The liquid exhibited glass transition at =79 °C. This indicates that the FTA anion is effective in
producing a Ru-containing organometallic IL with a low melting point.

To investigate the thermal stability of the cation, thermogravimetry-differential thermal
analysis (TG-DTA) measurement of 1-FSA was performed (Fig. S2, ESI). The decomposition
temperature of this salt was 234 °C (at 3% weight loss, 10 K min!), which was 20-30 K lower
than those of 2-FSA (253 °C [3b]) and 3-FSA (265 °C [11]). 1-FSA exhibited a weight loss of

~30 wt% at 210-280 °C, which corresponds to the loss of the arene ligand (calculated value:

32 wt%). Therefore, the introduction of the butylthio substituent decreased the thermal stability

of the cation.



Table 1. Glass transition temperatures (7), melting
points (7m), melting enthalpies (AHm), and melting
entropies (ASm) of the synthesized ILs.

Ty Tw  AHn ASm

(°C) (°C)  (kJmol) (JK™'mol™)
1-PF, 45 740 321 92.4
1-FSA 64.4 117 34.6
I-FTA 79

4_

— cr. lig.

Heat flow Exothermic

150 100 50 0 50 100
Temperature (°C)

Fig. 3. DSC curve of 1-FSA, where liq. and cr. are the liquid and crystal phases, respectively.

A magnified view of the curve around the low-temperature phase transition (7¢) is also shown.

2.2. Melting points vs. packing efficiency

FSA salts typically exhibit significantly lower melting points than the corresponding PFe
salts. However, the melting point of 1-FSA (7T = 64.4 °C) was closer to that of 1-PF¢ (Tm =
74.0 °C) than expected. To investigate the reason, we examined the packing efficiency of the
salts in the solid state.

The crystal structures of 1-PFe¢ and 1-FSA were determined at —183 °C through X-ray

crystallography (see below), and their packing indices were calculated using the Platon software
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(Table 2). The packing indices of other Ru-containing complexes calculated from their
structural data are summarized in Table 2. The FSA salts exhibited lower packing indices than
the PF¢ salts owing to the asymmetry of the PFs anion, which was consistent with their low
melting points. However, the comparison is vague as only a few PFs and FSA salts have been
structurally characterized. The packing index of 1-FSA (73.6%) was significantly higher than
those of the other FSA salts (69%—71%), which could be accountable for its relatively high
melting point (compared to [CpRu(PhR)JFSA: T, = 33.5 °C (R = OCH20Me [3b]), Tm =
16.9 °C (R = Et [11]), and the salts listed in Table 2) and tendency to readily crystallize when
cooled from the melt. In addition, the lower packing index of 1-PF¢ (71.3%) than that of

structurally similar PF¢ salts (Table 2) could be accountable for its lower melting point.

Table 2. Packing indices and melting points (7m) of 1-PFs, 1-FSA, and related salts

Salts Packing index (%)* Twm(°C) Reference

PFg salts 1-PF¢ 71.3 74.0 this study
3-PFs 74.8 87.0 [3b]
[CpRu(PhOCH,0OMe)]PFs 74.1 109.1 [3b]

FSA salts 1-FSA 73.6 64.4 this study
[CpRu(PhOCoH19)]FSA 69.5 57.9 [12a]
[CpRu{l1,2,3-CsH3(OEt)3} JFSA 68.6 59.8 [12b]
[CpRu{1,3,5-CsH3(CsHsCN)3} JFSA  71.4 86.9 [6¢]

a) Calculated for the structures at =183 °C (1-PFs and 1-FSA) and at —173 °C (other salts).

2.3. Crystal structures

X-ray crystallography of 1-PFe and 1-FSA indicated significantly similar packing to each
other. The low-temperature phase transition of 1-FSA was an order—disorder phase transition
of the cations and anions.

X-ray crystallography of 1-PFe was performed at —183 °C; the packing diagram is shown
in Fig. 4a. The compound crystallized in the space group P1 (Z = 2), and the asymmetric unit

contained a pair of cation and anion. The cations and anions were arranged alternately, and



every cation was surrounded by six anions. The PhSBu moieties were adjacent to each other
between the cations although no n—m interactions were discerned.

X-ray crystallography of 1-FSA was performed at —183 °C and 0 °C to investigate the
nature of the phase transition at —97 °C. The packing diagrams at both temperatures are shown
in Fig. 4b, which closely resembled that of 1-PFs. The space group was the same in both phases
(P1, Z = 2), and the asymmetric unit contained a pair of cation and anion. The molecular
arrangements were almost identical at both temperatures, with larger thermal ellipsoids at 0 °C
than at —183 °C. No disorder was discerned at —183 °C, whereas the cations and anions
exhibited disorder at 0 °C. The Cp ring of the cation exhibited a two-fold rotational disorder at
0 °C with an occupancy ratio of 0.38:0.62. The anion adopted an ordered fransoid structure at
—183 °C, and the environments around the two SO2F groups were different; there were short
O---HC contacts between one of the SO2F groups and the arene moieties of the neighboring
cations, which were 0.2—0.4 A shorter than the van der Waals distance. At 0 °C, the N atom and
SO.2F moieties of the anion exhibited an extensive three-fold rotational disorder with an
occupancy ratio of 0.53:0.27:0.20 (Fig. S3, ESI). FSA anions typically exhibit an order—
disorder phase transition in the crystal [6¢,13] although the disorder is generally two-fold; hence,

the observed three-fold disorder was distinctive.

a) 1-PFg b) 1-FSA
-183 °C —183 °C
b
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Fig. 4. Packing diagrams of (a) 1-PFs (=183 °C) and (b) 1-FSA (—183 and 0 °C). The ORTEP
diagrams of the molecular structures are shown below each figure. The disordered moieties are

displayed in gray.

2.4. Photoreactivity of 1-FTA

The UV photoirradiation (365 nm, LED) of 1-FTA for 30 min resulted in a mixture of
photoproducts and unreacted species, and the pale orange liquid transformed to a yellow and
more viscous liquid. The change in the UV-vis spectra due to photoirradiation can be observed
in Fig. 5a, which shows a new absorption peak at approximately 410 nm. This observation,
along with the changes in the "H NMR and IR spectra (Figs. S4 and S5, ESI), indicated that the
sandwich structure transformed to a half-sandwich structure [6a]. A plausible structure of the
dominant photoproduct, which is a dinuclear complex, is shown in Fig. 7 (product A). After
photodissociation, the Ru ion accepts three donor atoms, namely, the dissociated ligand
(PhSBu) and the undissociated cation and anion. Density functional theory (DFT) calculations
indicated that the suggested structure was the most stable among plausible structures (Fig. S6,
ESI). However, the structure could not be confirmed through 'H NMR spectroscopy because of
dissociation.

The amount (%) of photodissociated cations as a function of photoirradiation time was
determined from the 'H NMR spectra; the plot is shown in Fig. 6a. The amount was 22% in 45
min, which corresponded to a 43% yield of product A. This result indicates that the reaction is
considerably less efficient than that of 2-FSA (93% in 15 min [6b]). The low efficiency could
be attributed to the UV-vis absorption of the photoproduct, which made the photoirradiation at
365 nm less effective, and a likely thermal reverse reaction during photoirradiation.

As the coordination ability of the sandwich complex ligand in product A is weak owing to

its cationic nature, it could dissociate to produce product B, as shown in Fig. 7. The dissolution



of the yellow photoproduct in dichloromethane produced a yellow—green solution, which
exhibited a UV-vis absorption peak at approximately 427 nm (Fig. S7, ESI). Furthermore, after
removal of free ligands from product A through gel permeation chromatography (GPC), a peak
was observed in the ESI-MS spectrum at m/z = 585.2495 (Na" adduct) that corresponded to
product B. DFT calculations predicted that the structure of product B (Fig. S6, ESI) is similar
to those of other Ru complexes with the N,0-chelate coordination of FSA [14]. However, we
were unable to isolate the compound; thus, the peaks of the 'H NMR and ESI-MS spectra could

not be completely assigned.
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Fig. 5. UV-vis spectral changes upon (a) photoirradiation of 1-FTA and (b) heating the

photoproduct of 1-FTA. The sample was sandwiched between two quartz plates to perform the

measurements.
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the photoproduct of 1-FTA.
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Fig. 7. Putative photochemical and thermal reactions of 1-FTA.

2.5. Thermal reaction of the photoproduct of 1-FTA

The photoproduct of 1-FTA transformed back to 1-FTA via an intermediate state upon
heating. After heating the photoproduct (Amax = 410 nm) at 120 °C for 5 min, the UV—vis
absorption peak shifted to 427 nm (Fig. 6b). Based on the results discussed in the previous
section, we deduced that the intermediate contained cation-dissociated product B. After further
heating at 200 °C for 1 min (or 120 °C for 1 h), 1-FTA was completely recovered, and no UV-
vis absorption peak was observed in the visible region. The recovery was further confirmed by
the changes in the '"H NMR spectrum (Fig. S4, ESI).

The thermal reaction of the photoproduct was analyzed by DSC (scan rate: 10 °C min!,
Fig. 5b). During the first heating cycle, the photoproduct exhibited a glass transition at =72 °C
and significantly broad endothermic peaks from 60-180 °C, which were attributed to the
coordination transformation of the cation [6a]. The results were similar at a scan rate of 5 °C
min~!. Considering the reactivity of the photoproduct, we speculated that the broad peaks at
approximately 80 and 140 °C corresponded to the transformation of product A to B and then to
the original IL. The onset of decomposition at >180 °C was indicated by the occurrence of an
exotherm. In the second cycle, a glass transition was observed at =77 °C, and the broad

endothermic peaks at high temperatures were absent, which is consistent with the recovery of
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1-FTA. The thermal reverse reaction occurred at a higher temperature range than that for the
photoproduct shown in Fig. 1 (50—120 °C [6a]), which is attributed to the stronger S—Ru bond
than the CN—Ru bond.

These results indicated that the photoreaction of the sulfur-containing IL was significantly
different from those of the ILs containing cyano substituents. The photoreactivity and
conversion of the sulfur-containing IL were low, and the photoproducts were likely dinuclear
or mononuclear complexes and not oligomers owing to the low coordination ability of the
cationic ligand. Sulfide sulfur generally has a stronger coordination ability to Ru ions than the
cyano group. Therefore, ILs with dialkylsulfide substituents may produce bridged structures
with higher thermal stability upon photoirradiation. However, their products might be

susceptible to C-S bond cleavage.

2.6. lonic Conductivity of 1-FTA

The ionic conductivity of 1-FTA decreased after UV photoirradiation owing to the
photochemical reaction. The ionic conductivity of 1-FTA was 8.8 x 10°*S cm™! at 25 °C, which
was lower than those of typical imidazolium ILs (e.g., 4.1 x 107 S cm™! for [Bmim]T£H:N [15])
but higher than those of Ru-containing organometallic ILs with other anions (e.g., 4.0 x 10 S
cm! for 2-FSA [6b]) owing to its low viscosity. Upon UV irradiation for 70 min, the ionic
conductivity of the IL decreased to 8.7 x 10 S cm™' (Fig. 8a). This is consistent with the
formation of product A, which is accompanied by a decrease in the number of carrier ions and
an increase in viscosity. As seen in Fig. 8a, the photoreaction was slower than that of 2-FSA.
The magnitude of the conductivity change of 1-FTA was similar to that of 2-FSA (4.0 x 10# S
cm' to 3.7 x 10° S cm™! [6b]) despite the lower reaction rate of 1-FTA (suggested 43% yield
of product A) than that of 2-FSA (93%). This is probably because the anion in 1-FTA is bound

to the photoproduct, whereas the anion in 2-FSA is free after the photoreaction.
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The intermediate formed after heating the photoproduct at 120 °C for 1 h exhibited an ionic
conductivity of 1.7 x 10* S cm™'. This value was between those before and after
photoirradiation, which is coherent considering the dissociation of product A. Further heating
of the photoproduct at 200 °C for 3 min increased its ionic conductivity to 2.1 x 10 S ecm ™.
This value was slightly lower than the initial value, which might be owing to slight
decomposition.

The temperature dependence of the ionic conductivity of 1-FTA before and after
photoirradiation was measured (Fig. 8b). The data before photoirradiation were fitted using the

Vogel-Fulcher—Tamman (VFT) equation [16]:

_Ea
kp(T—To)

o(T) = %exp( ),

where A is proportional to the number of carrier ions in the matrix, and £, and T are the
activation energy for ion transport and the ideal glass transition temperature, respectively. The
obtained values of these parameters were E, = 162(19) meV, 4 = 623(319) S K2 cm™!, and T
= 122(12) K, where the values in parentheses are the standard deviations. The data after
photoirradiation were fitted using the Arrhenius equation o(7) = ow exp(—Ea/ksT) [17] (Ea =
730(12) meV and o= 2.2(0.9) x 108 S cm™!) and indicated a linear relationship. However, the
plot deviated from the straight line above 60 °C owing to the thermal reaction. The larger

activation energy after photoirradiation was consistent with the higher viscosity and larger

molecules of product A.
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Fig. 8. (a) Change in ionic conductivities of 1-FTA (solid line) and 2-FSA (dashed line [6b])
as a function of photoirradiation time. (b) Temperature dependence of ionic conductivity of 1-
FTA before (o) and after (o) photoirradiation. The solid and dashed lines in (b) indicate the

fitting with the VFT and Arrhenius equations, respectively.

3. Conclusion

Ru-containing organometallic ILs with sulfur-containing substituents were synthesized.
The FSA and PFg salts exhibited relatively high melting points, and the high melting point of
the former was attributed to its dense crystal packing. The FSA salt underwent an order—
disorder phase transition of the anions and cations at low temperatures. The FTA salt was in the
liquid state, which indicated that the unsymmetric anion is effective for obtaining Ru-containing
organometallic ILs with low melting points.

The FTA salt underwent structural transformation upon UV photoirradiation, which resulted
in a more viscous liquid. The product transformed back to the original IL via an intermediate
state upon heating, and the corresponding changes in ionic conductivity were evaluated. The
photoreactivity and conversion of 1-FTA were lower than those of structurally similar ILs with
cyano substituents. Furthermore, the photoproducts of 1-FTA were likely dinuclear or
mononuclear complexes and not oligomers. This study demonstrated that the photochemical
reactivity of the Ru-containing organometallic ILs strongly depend on the donor atom. Other
donor atoms to achieve rapid photoreaction rates and higher thermal stabilities of the
photoproducts are being investigated in our laboratory. These studies are significant for the

development of stimuli-responsive ILs for their application in electronic devices.

4. Experimental

4.1. General

14



[CpRu(CH3CN)3]PF¢ was synthesized according to a previously reported method [7].
Butylthiobenzene was synthesized by the reaction of thiophenol and 1-bromobutane in
methanol (yield 89%) [18]. Other reagents were purchased from TCI Co. (Tokyo, Japan). 'H
and 'F NMR spectroscopy were carried using a Bruker Avance 400 spectrometer and FT-IR
spectroscopy using a Thermo Nicolet iS5 spectrometer equipped with an attenuated total
reflectance unit (ATR, diamond). UV-vis absorption spectroscopy was conducted using a
JASCO V-570 UV/VIS/NIR spectrophotometer. DSC measurements were performed using a
TA Instruments Q100 differential scanning calorimeter at scan rates of 10 and 5 °C min ™' using
aluminum hermetic pans as sample containers. TG-DTA measurements were performed using
a Rigaku TG8120 thermal analyzer at a scan rate of 10 K min™' under a nitrogen atmosphere.
GPC was performed using a Recycling Preparative HPLC system (LC908, Japan Analytical
Industry) equipped with JAIGEL-2HR (eluent: chloroform). ESI-MS spectroscopy was carried
out using a Thermo Fisher Scientific LTQ-Orbitrap Discovery instrument. The ionic
conductivities were measured using a Solartron 1260 impedance analyzer. The sample was
sandwiched between a gold interdigitated electrode (gap dimension: 200 um) and a quartz plate
and sealed with epoxy resin. A Japan High Tech 10013 L heating/cooling stage was used for
temperature control. A Hamamatsu LC-L1V3 Lightning Cure UV-LED (LED lamp,
wavelength: 365 nm, intensity: 650 mW cm™2) was used for UV photoirradiation. The
photoirradiation was conducted at 10 °C on samples sandwiched between two quartz plates or
sealed in the electrode cells for conductivity measurements. The ratio of the photodissociated

cations was determined from the '"H NMR spectra (CD3CN).

4.2. Synthesis of [CpRu(PhSBu)] PFs (1-PFg)
[CpRu(NCCH3)3]PF¢ (303 mg, 0.70 mmol) was dissolved in acetonitrile (10 mL) in a

nitrogen atmosphere. Then, butylthiobenzene (162 mg, 0.97 mmol) was added to the solution
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and stirred at 90 °C for 24 h. The resultant solution was evaporated under reduced pressure, and
the residue was dissolved in a small amount of acetonitrile. The solution was charged to an
alumina column, and unreacted ligand was eluted with hexane. Then the desired compound was
eluted with acetonitrile. The solvent was evaporated and the residue dried under vacuum. The
residue was recrystallized from acetone—diethyl ether by slow cooling to —60 °C and then
collected by filtration. A few black and solid impurities were observed using a microscope and
were subsequently removed. The desired product was obtained as a white needle-shaped crystal
(131 mg, 39%). *H NMR (400 MHz, CDCls): 6= 0.97 (t, 3H, CHs, J = 7.32 Hz), 1.49 (sext,
2H, SCH2CH>CHa, J = 7.68 Hz), 1.69 (quint, 2H, SCH2CH>CH,, J = 7.64 Hz), 3.00 (t, 2H,
SCH2CH.CHz, J = 7.36 Hz), 5.39 (s, 5H, Cp-Hs), 6.11 (t, 1H, Ar-Hy, J = 5.68 Hz), 6.21 (t, 2H,
Ar-Hy, J = 6.32 Hz), 6.27 (d, 2H, Ar-Hy, J = 5.88 Hz). FT-IR (ATR, cm™): 567, 728 (S-F),
824, 1088 (C-C), 1179 (S=0), 1363 (S=0), 1418 (Cp, C-H), 1503 (C=C), 2871, 2932, 2954,
3092 (C-H). Anal. Calcd. for CisHi9FsPRuS: C, 37.7, H, 4.01, N, 0.00. Found: C, 37.8, H, 4.17,

N, 0.03.

4.3. Synthesis of [CpRu(PhSBu)]FSA (I-FSA)

An aqueous solution of K[FSA] (178 mg, 0.812 mmol) was added to a solution of
[CpRu(PhSBu)]PFs (128 mg, 0.268 mmol) in acetone and stirred for 20 min. Then, acetone was
evaporated under reduced pressure, followed by the addition of water and dichloromethane to
the residue. The residue was extracted five times using dichloromethane, and the obtained
combined organic layer was dried using anhydrous magnesium sulfate. The anion exchange
procedure was repeated and the complete exchange of PFs was confirmed by the absence of the
PF¢ peak (6= —73.83, -71.92) in the '°F NMR spectrum (solvent: CD;CN). Subsequently, the
residue was recrystallized from acetone—diethyl ether by slow cooling to —60 °C. The desired

product was obtained as white needle-shaped crystals (88 mg, 64%).'"H NMR (400 MHz,
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CD:CN): 5= 0.98 (t, 3H, CHs, J = 7.36 Hz), 1.49 (sext, 2H, SCH,CH.CH, J = 7.68 Hz), 1.70
(quint, 2H, SCH,CH,CHa, J = 7.52 Hz), 3.02 (t, 2H, SCH,CH,CHa, J = 7.48 Hz), 5.34 (s, SH,
Cp-Hs), 6.01 (t, 1H, Ar-Hy, J = 5.72 Hz), 6.11 (t, 2H, Ar-H, J = 6.4 Hz), 6.28 (d, 2H, Ar-Ho, J
=5.92 Hz). FT-IR (ATR, cm™): 569, 601, 721 (S-F), 759, 805, 848, 1074 (C-C), 1146 (S=0),
1181, 1337, 1370 (S=0), 1418 (Cp, C-H), 1504 (C=C), 2874, 2933, 2962, 3112 (C-H). Anal.

Calcd. for C1sH19F2NO4RuS3: C, 35.15, H, 3.74, N, 2.73. Found: C, 35.49, H, 3.47, N, 2.87.

4.4. Synthesis of [CpRu(PhSBu)]FTA (1-FTA)

Anion exchange was conducted as described for 1-FSA using Li[FTA] (80 mg, 0.337 mmol)
and [CpRu(PhSBu)]PFs (70.3 mg, 0.147 mmol). The procedure was repeated three times, and
the crude product was purified by passing it through a short alumina column (eluent:
acetonitrile). After the solvent was evaporated, the residue was heated under vacuum at 60 °C
for 15 h. The desired product was obtained as a pale orange liquid (78 mg, 94%). "H NMR (400
MHz, CD3CN): 6=0.98 (t, 3H, CH3, J=7.36 Hz), 1.50 (sext, 2H, SCH.CH2CH>, J = 7.6 Hz),
1.70 (quint, 2H, SCH2CH>CHa, J = 7.56 Hz), 3.02 (t, 2H, SCH>CH>CH>, J = 7.48 Hz), 5.34 (s,
5H, Cp-Hs), 6.02 (t, 1H, Ar-H;, J=5.72 Hz), 6.12 (t, 2H, Ar-H>, J = 6.32 Hz), 6.29 (d, 2H, Ar-
H>,J=5.88 Hz). ’F NMR (400 MHz, CD3CN): 6=-79.3, 55.6. FT-IR (ATR, cm?): 721 (C-
S), 759, 805, 848, 1074 (C-C), 1146, 1181, 1337, 1370 (S=0), 1418 (Cp, C-H), 1504 (C=C),
2874, 2933, 2962, 3112 (C—H). Anal. Calcd. for C16H19FsNO4RuSs: C, 34.16; H, 3.40; N, 2.49.

Found: C, 34.53;: H, 3.40; N, 2.10.

4.7. X-ray crystallography
Crystals of 1-PFe¢ and 1-FSA suitable for structural analysis were obtained by
recrystallization from acetone—diethyl ether by slow cooling to —60 °C. Single crystal X-ray

diffraction data were collected using Bruker APEX II Ultra (X-ray source: MoKa). Calculations
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were performed using SHELXL [19]; the crystallographic parameters are listed in Table S1
(Supporting Information). Packing indices were calculated using the Platon software [20].
CCDC 2052308 (1-PF), 2059258 (1-FSA, —183 °C), and 2063565 (1-FSA, 0 °C) contain the
crystallographic data pertaining to this work. These data can be obtained free of charge via

www.ccdc.cam.ac.uk/data_request/cif.
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Fig. S1. DSC curves of 1-PFs, where cr., liq., and gl. are the crystal, liquid, and glassy states,

respectively.
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Fig. S2. TG-DTA traces of 1-FSA measured under a nitrogen atmosphere at 10 K min!. The

TG and DTA curves are represented by solid and dashed lines, respectively.



Fig. S3. Structure of the anion in the 1-FSA crystal at 0 °C. (a) Disorder structure and (b—d)

three components of the disorder, whose occupancies are 0.53, 0.27, and 0.20, respectively.
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Fig. S4. "H NMR spectra (in CD3;CN) of 1-FTA (a) before and (b) after photoirradiation for 90

min and (c) after heating the photoproduct at 200 °C for 1 min. In CD3CN, weakly coordinated

ligands dissociate from the half-sandwich complexes to produce solvent-coordinated

complexes such as [CpRu(CD3CN)3]" and [CpRu(PhSBu)(CD3CN),]".
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Fig. S5. Changes in FT-IR spectra observed upon photoirradiation of 1-FTA for 90 min and

after successive heating of the photoproduct at 200 °C for 1 min.
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Fig. S6. Optimized geometries of products A and B obtained using DFT calculations (B97-

D/LanL2DZ). The butyl group of the cation was replaced with a methyl group for the

calculations.
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Fig. S7. UV-vis spectra of the photoproduct of 1-FTA in the neat state (top), in CH>Cl> solution

(middle), and in the neat state after heating at 120 °C for 5 min (bottom).



Table S1. Crystallographic parameters

1-PFs (—183°C)  1-FSA (-183 °C) 1-FSA (0 °C)
Empirical formula CisH19FsPRUS C1sH1sF2NO4RUS3 C1sH1sF2NO4RUS3
Formula weight 477.4 512.56 512.56
Crystal system triclinic triclinic triclinic
Space group Pl Pl PT
a[A] 7.528(3) 7.7168(19) 7.8377(9)
b [A] 9.202(3) 9.370(2) 9.5249(11)
c[A] 12.616(5) 13.320(3) 13.5742(16)
a[°] 84.052(4) 90.778(3) 91.711(2)
BI°] 73.771(4) 97.877(3) 98.3740(10)
y[°] 89.723(4) 102.049(3) 102.0820(10)
Vv [A3] 834.3(5) 932.1(4) 978.4(2)
VA 2 2 2
pealcd [g €M) 1.9 1.826 1.740
i [mm] 1.217 1.217 1.160
Temperature [K] 90 90 273
F(000) 476 516 516
Reflns collected 4144 5015 9961
R (int) 0.0184 0.0106 0.0128
Goodness of fit 1.067 1.053 1.061
R:%, Rw® (I > 20) 0.0184 0.024 0.0356
R:?, Rw” (all data) 0.0189 0.0252 0.0988

aRl = ZHFol — |FcH / Z‘Fol bRW = [ZW (F02 —FCZ)Z/ZW (F02)2]1/2



